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FOREWORD 


The  development  reported  herein  was  performed  under 
Contract  F33615-76-C-5439  under  the  sponsorship  of  the  Air 
Force  Flight  Dynamics  Laboratory,  Advanced  Composites  ADP, 
Wright-Patterson  AFB,  Ohio.  Mr,  Gene  Shumaker,  AFFDL/FBC, 
was  the  Air  Force  Project  Engineer. 

The  contractor  was  General  Dynamics'  Fort  Worth 
Division.  Mr.  R.  H.  Roberts  was  the  Program  Manager,  and 
Mr.  B.  J,  Wallace,  served  as  Deputy  Program  Manager  and 
Principal  Investigator  for  the  Electromagnetic  Compatibility 
Development.  Other  key  personnel  contributing  to  the  program 
included: 

P,  F.  Carrier  - System  Design 

J.  L.  Hudson  - Structural  Design 

A.  J.  Ledwig  - Lightning  Strike  Test 

B,  R.  Smith  - Structural  Analysis 

F,  Spelce  - Manufacturing  Development 

R,  E.  Stephens  - Electrical  & Installation 

K.  G,  Wiles  - Electromagnetic  Effects 

R,  T,  Zeitler  - Electromagnetic  Effects 

In  addition,  Mr.  B.  J.  C.  Burrows  of  Culiiam  Laboratory,  UKAEA 
Research  Group,  United  Kingdom,  made  significant  contribu- 
tions to  the  series  of  tests  concerning  the  induced  effects  of 
lightning  strikes. 

The  Defense  Division,  Lincoln  Facility,  of  the  Brunswick 
Corporation  also  contributed,  from  their  own  resources,  in  the 
area  of  reducing  composite  part  fabrication  cost  via  filament 
winding.  This  effort  was  directed  by  Mr,  B.  W.  Quinlan  with 
Mr.  R.  E.  Curran  serving  as  the  Principal  Investigator. 

The  development  reported  herein  was  performed  during 
the  period  of  April  1977  to  May  1978. 

This  final  report  is  divided  into  two  volumes.  Volume  I 
(limited  distribution)  defines  the  program,  presents  test  data 
except  for  the  induced  effects  of  lightning  strike  test,  and 
presents  design  guidelines.  Volume  II  (unlimited  distribution) 
presents  the  induced  effects  of  lightning  strike  test  and  data. 
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SECTION  1 


SUMMARY 


This  document,  Volume  II,  reports  the  phase  of  the  contract 
which  studied  the  effects  of  atomspheric  lightning  on  aircraft 
avionir  systems  installed  in  graphite/epoxy  aircraft  structure. 
The  vjork  draws  heavily  from  testing  technology  developed  by  a 
recognized  authority  in  the  field,  Culham  Laboratory  of  UKAEA. 

In  fact,  the  test  configuration,  instrumentation  techniques, 
and  test  parameters  \/ere  established  by  Mr.  B.  J.  C.  Burrows  of 
Culham  Laboratory.  This  work  however,  extends  previous  testing 
and,  in  the  opinion  of  the  authors,  represents  a significant 
contribution  to  the  technology  of  lightning-effect  evaluation. 

There  were  a number  of  salient  features  of  this  program 
which,  the  authors  believe,  have  led  to  advancements  in  light- 
ning studies  technology.  These  include: 

1)  A simplified  test  configuration. 

2)  The  evaluation  of  low  and  high  frequency  effects. 

.3)  The  measurement  of  basic  coupling  mechanisms. 

4)  Simplified  models  and  theory  with  demonstrated 
accuracy . 

The  useful  product  of  the  program  is,  of  course,  the  models 
and  theory  which  allow  general-case  lightning  environments  to 
be  analized  as  threat  voltages,  currents,  and  fields  acting 
upon  the  avionics . The  primary  thrust  of  this  report  is  there- 
fore to  develop  and  support  these  models  with  hard  data. 

The  sd.gnif leant  conclusion  resulting  from  this  work  is 
that  the  threat  of  exteimal  lightning  can  be  handled  with 
design  considerations  which  neither  compromise  the  efficiency 
of  the  composite  airframe  or  impose  escalating  hardness  re- 
quirements on  the  avionics.  In  fact,  in  many  instances  no 
special  design  considerations  are  necessary.  A demonstration 
test  consisted  of  F-111  vintage  avionics  installed,  in  a typical 
manner,  in  a YF-16  graphite  epoxy  forward  fuselage.  The 
structure  was  pulsed  with  a 125  kA  peak/32  kA/us  rise  time 
strike  while  the  systems  were  operating.  No  failures  or  per- 
turbations occurred. 
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SECTION  2 


PROGRAM  I N T E N T 


The  intent  of  this  program  was  to  determine  and  explain  the 
induced  effects  resulting  frora  a lightning  strike  to  the  graphite/ 
epoxy  (Gr/Ep)  forward  fuselage  illustrated  in  Figure  1.  To 
meet  this  intent,  a number  of  considerations  had  to  be  addressed. 
Primarily,  we  had  to  be  able  to  simulate  an  actual  lightning 
strike  with  the  best  methods  available  and  we  had  to  be  assured 
the  measured  data  represented  lightning  effects  and  not  in- 
strumentation or  test  S(3t-up  effects. 

Since  the  very  basis  for  this  test  was  emulation  of  an 
actual  strike,  in  both  magnitude  and  rise  time,  we  begin  our 
discussions  with  the  requirements  and  how  to  simulate  a light- 
ning strike.  Next,  we  discuss  the  test  configuration  and 
test  apparatus,  provide  data  on  the  waveform  used  in  the  test, 
and  finally  the  instrumentation  techniques  employed. 

The  last  two  sections  discuss  the  te.sting  along  with  pre- 
dicted and  measured  data  and  finally  the  generalizations  neces- 
sary for  effective  predictions. 
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S li  C T I 0 N 3 


\<  ]■:  Q U 1 REM  !•:  NTS  AMI)  SIMULATION 

M E T n 0 D S 


Aa  previously  stated,  our  sinf’uLar  intent  was  to  {)rovicio 
I ij’ht-ninp,  test,  data  which  is  reluLablo  to  an  actual  strike.  This 
section  outlines  our  thinking,  and  the  considerations  for  the  test 
coni'i ^’jUration  and  tlie  type  of  te.sts  that  were  perfomied , 


3.1  CURRENT  EXPOSURE 
LEVEL  BY  ZONES 


In  the  natural  lif’htnlnff  .strike  situation,  -iisf'''aj;c  could 
experience  .strike.s  .swept  back  from  a front  attachment  point  onto 
the  fu.scia>.’e  .surface  itself,  i.e,,  a Zt>ne  2A  strike.  Thi.s  ccjndi- 
tion  Is  of  more  interest  to  studies  of  .structural  iiainap,(*  to  the 
f>raphite/epoxy  surface  than  to  induced  voitap.e  .studies.  In  p,cneral , 
the  worst  case  t'or  induced  voltap,e.s  would  occur  durin^t  the  return 
stroke  of  a lif!;l»tninp,  strike  where  the  current  peak  amplitude  and 
di/dt  would  be  the  larj’est.  A foirward  fuselap.e  will  conduct  this 
current  tliroup.h  its  total  lenr,tli  when  the  aircraft  radonic  becomes 
the  primary  Lij-jitninp,  attachment  point  (Zone  lA  as  defined  in 
reference  1).  Reference  9 has  predicted  that  approximately  157,,  of 
ail  Ilj'.htninp,  strikes  to  the  E- 16  will  initially  attach  in  thi.s 
area.  For  tiiese  reasons,  wo  simulated  a Zone  lA  .strike  by  applying 
current  pulses  t:o  the  foremost  part  of  the  compo.site  fuselap,c 
(assumes  a r.sduine  attachment)  and  conducted  it  along  the  entire 
fu.sclaj’c  length  to  (.he  aft  -nio.st  section  (as.sumcs  a Lightning  exit 
point  at  the  aircraft  tail).  Entrance  cir  exit  In  terms  ol  polarity 
is  of  no  signi  I'i  caiu.'c ; the  point  of  t he  description  is  to  explain 
that  the  test  confi  g.ur.at  Ion  pr(>vitle.s  for  an  entrance  pc'int  at  one 
end  and  an  exit  or  return  point  ;it  the  other. 


3.2  CURRENT  PULSE  PARAMETER.S 
AND  .SCALING  REQUIREMENTS 

Very  severe  lightning  current  pulse.s  have  been  ine.a.surod  with 
maximum  .ampl  i Ludos  around  lAOkA  and  maximum  rates  of  change,  dl/dt, 
of  lOOkA/n.s . Both  values  eori'espond  to  .strikes  whoso  values  would 
he  exceeded  only  27.  of  the  time  or  a 27.  .severity.  Complete  dupli- 
cation of  maxiiiiuni  rate  of  change  and  ^implitude  was  not  possible  in 
our  laboratory  nor  Is  complete  duplication  .a  necessity.  'I'lie  pr(^“ 
bJem  we  attacked  was  to  make  the  amplitude  and  rise  time  realistic'. 
Reality  was  Judged  on  the  basis  of  whether  test  pulse  paraiiieter.s 
were  comparable  to  pai'aiiietor.s  of  an  actual  strike',  and  consequently 


whether  the  signal  (induced  voltages  expected)  to  noise 
(systematic  noise,  spurious  responses,  etc.)  ratio  was  great 
enough  such  that  results  could  be  scaled  to  a severe  strike. 

The  smaller  the  scaling  factor  between  the  test  pulse 
and  real  pulse,  the  more  reliable  the  scaled  up  value.  Scaling 
factors  of  around  five  arc  considered  satisfactory,  therefore, 
the  current  pulse  parameters  should  be  approximately  30  kA  peak 
current  and  20  kA/us  rate  of  rise.  30  kA  is  the  53%  severity 
value  for  the  negative  ground  flash  return  stroke,  and  20  kA/us 
is  the  237o  severity  level  for  return  stroke  and  82%  for  re- 
strikes  (Reference  2),  Choice  of  scaling  parameter  (I  or  di/ 
dt)  is  addressed  in  Section  3.4. 

The  recommendation  of  Reference  3,  which  described  work  on 
a Hawker  Hunter  all-metal  fuselage  at  high  current  ai^d  high 
di/dt,  stated  that  a high  signal-to-noiso  ratio  and  high  repeata- 
bility were  beat  attained  with  a single  stage  capacitor  bunk 
operating  at  a low  voltage  and  producing  the  highest  practical 
current.  The  highest  current  at  the  lowest  voltage  requires  a 
nvtnlinuin  Inductance  test  configuration.  Thus,  the  low  inductance 
imiltihroad  conductor  system  used  in  Reference  3 was  adopted  for 
this  test. 

At  this  point,  requirements  and  configuration  have  begun  to 
form.  The  generator  is  a single  capacitor  capable  of  accepting 
a charging  voltage  sufficient  to  produce  approximately  30  kA  peak 
witli  a 20  kA/us  rate  of  rise.  The  fuselage  and  return  conductors 
(load  assembly)  is  configured  as  a multi -conductor,  low  in- 
ductance assembly  so  that  the  operating  voltage  available  on 
one  capacitor  produces  maximum  current  amplitude  and  maximum 
rate  of  rise. 


3.3  KUSbUGK  CURRF.NT  DISTRIBUTION 

In  slmuiating  a lightning  strike  passing  along  and  through 
the  fuselage,  one  of  the  key  requirements  was  maintenance  of  fuse- 
lage current  distribution  such  us  would  exi.st  in  free  space. 
Maintenance  of  the  required  current  distribution  is  primarily  a 
function  of  a return  conductor  configuration,  This  subsection 
discusses  tlie  cvirrent  distribution  by  frequency  bands  along  with 
requirements  placed  on  the  return  conductors  to  maintain  ’’free 
space"  ills tribution . 
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3.3.1  Low  Frequency  (LF)  Current  Distribution 
(Below  1 MMz) 

During  a natural  strike,  the  aircraft  is  remote  from 
ground,  or  any  other  object,  and  the  lightning  current  pusses 
into  and  out  of  the  complete  aircraft  via  very  long  arcs.  The 
return  path  for  the  current  is  remote  and  distributed  and 
comprises  the  displacement  current  flowing  as  the  cloud-to-gruund 
or  cloud- to-cloud  capacitance  is  discharged  by  the  flash.  Current 
flow  through  the  fuselage  in  this  condition  produces  the  ‘’free 
space"  field  through  the  aircraft  and  the  geometry  of  the  magne- 
tic and  electric  fields  are  not  distorted  by  the  presence  of 
nearby  return  current  paths.  The  current  distribution  on  the 
aircraft  in  free  space  is  such  that  the  aircraft  is  the  center 
of  a nesting  series  of  magnetic  field  lines  which  conform  to 
the  fuselage  cross-section  close  in,  and  are  approximately 
circular  beyond  a few  fuselage  radii  as  Illustrated  in  Figure  2(a). 

To  achieve  a good  simulation  of  lightning,  it  is  important 
only  that  the  free  space  field  of  Figure  2(a)  is  duplicated  close 
to  the  fuselage.  Close-in,  the  field  lines  follow  the  fuselage 
shape.  Since  field  lines  are  lines  of  constant  flux,  there  are 
more  lines  per  urea  (high  density)  at  projections,  like  the 
strakes  or  cockpit  sill,  and  less  linos  per  area  (low  density)  on 
the  flat  or  concave  surfaces.  Surface  current  density  for  the 
fast  changing  current  pulses  is  inversely  proportional  to  the 
distance  from  the  fuselage  surface  to  the  first  field  line. 

Since  the  magnatixing  force  H, is  equal  to  the  surface  current  densi- 
ty, J,  in  amperes  per  meter,  then  li  UqJ > li  l-s  inversely 
proportional  to  the  distance  from  the  fuselage  surface  of  the 
first  field  line. 

The  portion  of  the  free  space  field  close  to  the  aircraft 
can  be  duplicated  by  enclosing  the  fuselage  In  a complete  return 
conductor  exactly  on  one  of  the  field  lines  of  Figure  2(a),  as 
in  Figure  2(b).  Now,  very  small  fields  exist  outside  the  return 
conductor,  us  in  a coaxial  cable,  but  the  field  within  is  identi- 
cal to  the  free  space  field. 

The  current  return  conductor  shown  in  Figure  2(b)  could  be 
either  a solid  sheet  or  many  individual,  closely  spaced,  thin 
wires.  The  latter  method  was  used  in  Reference  4.  Neither  this 
nor  the  complete  sheet  system  is  very  convenient,  however,  being 
either  costly  to  make  or  causing  access  difficulties,  A useful 
working  system  which  provides  adequate  simulation  consists  of  u 
sectitinal  current  return  uroumi  the  fuseiage  circumference  con- 
sisting cif  two,  three  or  more  conductors;  the  greater  numlier  pro- 
viding the  best  simulation. 

b 


/ 


FUSELAGE 


RETURN  CONDUCTOR  ON  FIELD  LINE  6 OF  Fi|.  2A 


CIRCULAR  EQUIVALENT  M.  Coaxial  Cibla) 

Figure  2(b)  Free  Space  Field  of  Figure  2(a)  Retained  by  Return 
Conductor  Placed  on  a Field  Line 
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Figure  2(c)  shows  the  three  conductor  system  used  for  this 
test  which  follows  the  technique  described  in  Reference  3,  Two 
conductors  alone  do  not  normally  give  an  adequate  simulation 
of  the  free  space  field  unless  they  are  fairly  distant  - say  five 
or  more  fuselage  radii.  A two-conductor  system  has  the  addi- 
tional disadvantage  of  high  inductance  (the  Inductance  of  the 
fuselage  and  return  conductors),  whereas  the  systems  shown  in 
Figures  2(b)  and  2(c),  the  full  coaxial,  and  quasi-coaxial  test 
systems  both  have  the  bonus  of  a very  low  Inductance  when  re- 
latively close  spacing  is  used.  The  low  inductance  is  a necessity 
for  our  test  configuration  for  the  reasons  cited  in  subsection  3,2. 

The  three-conductor  system  of  Figure  2(c)  provides  a close 
enough  approximation  of  the  free  space  field  close  to  the  fuselage, 
and,  therefore,  the  current  distribution  around  the  periphery  of 
the  fuselage  will  be  simulated,  as  lung  as  the  three  conductors 
are  correctly  placed.  This  applies  equally  to  a graphite  or 
graphlte/raetal  fuselage.  Theoretically  in  a graphite  fuselage, 
the  current  die cri; -utlon  corresponds  more  to  the  free  space  con- 
dition since  current  sharing  tends  to  bo  more  reslstlvely  con- 
trolled in  graphite  and  hence  less  dependent  on  return  conductor 
number,  size,  and  position. 

The  biggest  difference  in  the  current  distribution  of  the 
Gr/l2p  forward  fuselage  from  tliat  of  a production  airplane  is 
caused  by  the  absence  of  the  inlet  which  starts  at  Station 
161  and  runs  aft.  Over  its  length,  the  inlet  tends  to  "screen" 
the  underside  of  the  fuselage  and  reduce  the  current  density 
there  by  a large  factor. 

The  tendency  toward  current  redistribution  around  the 
fuselage  (i.u,,  for  current  to  forsake  the  Gr/Ep  in  favor  of  metal, 
Sec. 6)  occurs  with  the  low  frequency  components  of  the  lightning 
pulse,  which  peak  around  50  kllz.  The  same  pulse  on  an  all  metal 
aircraft  does  not  suffer  current  redistribution  since  current  is 
inductively  shared  around  the  fuselage  and  the  current  is  a skin 
effect  current  only,  (Reference  page  130,  appendix) 

3.3,2  High  Frequency  (HF) 

Currant  Distribution 
(Above  1 MHz) 

Much  higher  frequencies  can  be  theoretically  predicted  to 
occur  on  an  aircraft  in  a natural  lightning  strike  situation  and 
are  observed  in  lightning  simulation  tests  on  largo  components. 
Ideally,  the  test  rig  duplicates  the  predicted  "free  space"  HF 
currents  where  possible,  and  the  design  of  the  test  rig  and 
current  return  system  is  also  considered  from  this  aspect, 
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Figure  2(c)  Quasi  Coaxial  3-Conductor  Return  Current  System 


The  IIF  currents  have  a similar  circumferential  pattern  us  the  LF 
currents  in  a metal  fuselage,  but  have  the  additional  complica- 
tion of  u longitudinal  variation  since  the  Iff  currents  uru  asso- 
ciated with  standing  waves  on  the  fuselage  excited  by  the  transi- 
ents of  the  lightning.  Airframe  resonances  have  been  predicted 
and  observed  in  NIUP  investigations  of  spacecraft,  missiles  and 
aircraft  (Reference  5) . Figure  3 illustrates  the  mechanism  for 
lightning  attachment,  whore  the  fuselage  is  represented  by  a simple 
cylinder.  A considerable  impedance  mismatch  occurs  at  the  two  at- 
tachment points,  since  the  arc  channel  radius  is  —0.5  mm  compared 
with  an  aircraft  radius  of  0.5  to  1.5ra.  The  standing  wave  pattern 
shown  is  the  principal  mode  which  corresponds  to  a frequency  fi 
whose  wavelength  is  twice  the  aircraft  length  - (i.e.,  the  \/2 
mode) 


" _5_  ^ " velocity  of  KM  waves 

2/  - 3 X lo”  m/s 

(•  - aircraft  length  in  meters. 

Thus,  for  an  11m  aircraft  total  length,  fj^  Is  300/22  MHz  " 

14MHz.  This  mode  has  a current  maximum  at  the  middle,  point  A, 
and  a voltage  maximum  at  the  end,  point  B.  Higher  modes 
occur  at  2£i,  3fj^,  etc.,  on  the  simple  cylinder  and  on  an  air- 
craft, and  the  aircraft  case  is  further  complicated  by 
wing  modes  and  fuselage/wlng  modes. 

The  fuselage  we  tested  is  slightly  shorter  than  half  the 
total  length  of  the  full  F-16  fuselage  and  when  the  return  con- 
ductors are  assembled,  the  choice  exists  to  connect  them  to  the 
fuselage  at  the  front  or  back.  Clearly  a current  maximum  must 
occur  at  the  connection  point  in  Figure  4,  point  A.  In  this  case, 
the  resonance  is  a quarter  wave  line  resonance,  as  might  be  as- 
sumed from  transmission  lino  theory,  but  it  is  the  same  frequency 
f^  as  the  X/2  mode  for  a full  length  fuselage  and  the  current  and 
voltage  anti-nodes  occur  as  in  figure  3.  For  this  configu- 
ration, the  fields  are  now  largely  contained  between  the  conduc- 
tors of  the  loud  assembly  and  do  not  appreciably  radiate  into 
space  as  for  the  isolated  "aircraft"  of  Figure  3,  and  the  Q of 
the  system  is  therefore  higher.  The  "quarter  wave  lino"  load  as- 
sembly suppresses  2£i,  Af^,  etc.  but  £j^,3fi  --  mi\y  be  observed. 1* 

Thus,  the  structures  shown  in  Figure  2(c)  and  Figure  4 pro- 
duce a simulation  of  LF  and  HF  circumferential  and  longitudinal 
current  distribution  expected  on  an  aircraft  in  free  space  except 
that  the  quarter  wave  line  inhibits  2fi,  4fi,  etc.  and  wing- 

1 Our  test  data  showed  a significant  amount  of  high  frequency  com- 
ponents at  14  and  46  MHz.  See  Sections  5 and  8. 
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Figure  3 Standing  Wave  Pattern  ut  First  Fuselage  Resonance, 
(A/2  mode) 
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CROSS  SECTION 


Figure  4 Standing  Wave  Pattern  for  One  Half  Fuselage  with  Return 
Conductors  (Natural  Resonance  is  atX/4  mode  - fj^  in 
Figure  3) 
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fuselago  modes  are  not  represented.  To  excite  the  Cj,  3l'2,  etc., 
modes,  a mismatch  must  occur  at  the  capacitor  bank/load  assembly 
junction. 


3.4  CHOICK  OK  PARAMKTKKS 
FOK  SOAl.lNG 

Much  pri'Viousiy  reported  work  has  shown  that  voltages  induced 
into  avionic  interfaces  are  generated  by  two  main 'noe  ban  lams ; 


a)  Kate  of  change  of  fii'lds  or  ; for  aperture 

dt  dt 

coupling  and  other  direct  coupling  processes  where 
interface  conductors  art*  influenced  directly  by  the 
external  fields,  or; 

b)  Kesistively  generated  voltages  which  are  proportional 
to  the  current  amplitude  and  which  occur  along  the 
enclosi'd  structures.  This  could  he  called  "internal" 
coupling.  Ri'slstlve-type  voltages  also  occur  in  loops 
within  enclosed  bays  by  induction  from  flux  which  has 
diffused  through  a resistive  material,  Although  such 
a process  is  theoretically  a d^j^  induct  ion , the  'Apis  a 

dt 

diffusion  flu.K  and  not  the  saiiu'  flux  which  occurs  exter- 
nally or  in  apertures.  For  clarity  in  this  ri'port,  this 
process  is  called  resistive/diffusion  coupling  and  in- 
variably has  t.he  amplitude  and  spectrum  characti'rist  Ic 
of  resistive  voltages,  with  only  minor  dlf fi'rences . 

This  is  an  important  distinction  since  resistive/diffu- 
sion coupling  Is  an  important  feature  of  induced  volt- 
age within  graphite,  and  metal/graphite  airframes. 

The  two  coupling  methods  induce  voltages  having  clistindly 
different  charact;eris  tics  due  to  the  difftu'ence  of  the  e.xcitation 
spectrum.  The  spi'ctrum  of  1 applicable  to  resistive  coupling  and 
the  dl/dt  applicable  to  aperture  and  direct  coupling  are  shown 
in  Figure  'j  for  the  unipolar  simulation  pulse  used  In  tests 
detaih'd  later. 

The  characteristic  di/dt  spectrum  with  its  predominance  of 
UF  energy  is  observed  externally,  in  the  cockpit  and  within 
other  apertures. 
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STECTRAL OEMSITY  (LOG SCALE)  V/H 


Figure  5 Theoretical  and  Practical  Spectra  of  I and  dt  Current 
Pulse  (shown  inset).  Practical  Spectra  Have  the  Additional 
Effect  of  HF  Resonances 
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Likewise,  voltages  having  the  characteristic  spectrum  of  the 
current  pulse,  a predominantly  low  frequency  spectrum,  are 
observed  within  con^artraents  having  a graphite  outer  skin. 

Test  data  in  Section  7 demonstrates  the  application  of  I 
scaling  to  resistive  voltages  and  di/dt  scaling  for  aperture 
voltages. 

External  electric  field  induced  voltages  (dE/dt)  also 
occur  in  the  cockpit,  etc.  and  have  a predominantly  HF  spectrum 
but  the  graphite  shields  these  electric  fields  from  the 
enclosed  equipment  bay. 

Another  class  of  coupling  is  demonstrated  in  the  test  data 
in  Section  7 and  deals  with  (dE/dt)  HF  effects  inside  enclosures. 
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Tlu>  cons  ilk’ rut  ions  in  the  design  o£  the  test  system  nuiy  be 
summarized  as  follows; 

1)  A low  inductance  system  is  desirable  for  achieving  high 
1 and  di/lit  of  the  order  suggested  in  Section  3.2,  while  simulat- 
ing the  LF  free  space  field  configuration  as  described  in  Section 

3.3.1. 


2)  The  return  conductors  should  be  connected  to  the  fuse- 
lage in  such  a manni'r  as  to  produce  the  lU^  longitudinal  current 
distribution  described  in  Section  3.3.2.  This  requires  the  return 
conductors  to  be  connected  to  the  rear  of  the  forward  fuselage 
section. 

3)  The  capacitor  bank  shall  be  compact  and  introduce  mini- 
mum extra  Inductance  and  should  be  a cue  stage  system  for  consis- 
tency and  repeatability. 

';)  There  must  be  an  impedance  mismatch  between  the  capaci- 
tor bank /waves hup ing  resistor  and  the  load  assembly  in  order  to 
encourage  the  quarter  wave  lino  resonance  (See  Section  3.3.2,). 

5)  A waveahaping  resistor  should  be  designed  to  have  mini- 
mum inductance,  and  should  be  readily  shorted  for  "i ing" discharges , 
with  least  disturbance  of  the  total  circuit  inductance. 

6)  System  grounding  is  required  for  safety,  for  the  bank 
charging  current,  to  rovite  power  into  the  fuselage  for  poweriiag- 
up  electronics  and  for  routing  hard-wired  instrumentation  back  to 
the  screen  room,  but  the  grounding  position  shall  be  chosen  to 
minimize  bank- to -ground  and  load  assembly- to-ground  currents. 

One  end  of  the  fuselage  is  preferred  for  the  grounding  point, 
preferably  at  the  fuselage  rear  where  avionic  power  reference  was 
located. 


7)  The  charging  supply  for  the  bank  and  the  trigger  feed 
to  the  switch  (an  electrically  triggered  field  distortion  gap  was 
available)  should  not  introduce  spurious  resonances,  nor  foi'm 
ground  loops  via  the  power  supply  unit  in  conjunction  with  the 
main  system  grounding  point. 
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Since  satisfying  most  of  the  above  requirements  is  dependent 
on  the  parameters  of  the  load  assembly,  the  load  assembly  design 
and  description  will  be  given  first.  From  this  data,  approximate 
current  and  current  rate-o£-change  values  are  calculated.  Follow- 
ing these  calculations  we  have  described  the  design  of  the  impulse 
generator,  and  finally  total  configuration. 

4.1  DESIGN  AND  DESCRIPTION  OF 
LOAD  ASSEMBLY 

The  load  assembly  comprises  the  forward  fuselage  mounted 
horizontally  on  a wooden  stand,  the  instrumentation  break-out  box 
at  the  back  ( — ,7m  projection),  the  current  transformer  mounting 
and  the  three- 24”  wide  return  conductors.  The  returns  are  illus- 
trated in  Figure  2(c)  and  are  shown  in  the  photograph  in  Figure 
6,  The  return  conductors  are  8mm  thick,  .6  meter  wide  aluminum 
sheets  fastened  to  a wooden  frame.  Insulation  presents  no  problem 
because  of  the  low  voltages  involved,  the  grounding  point  position, 
and  the  short  pulse  duration,  therefore,  return  conductors  were 
supported  by  a simple  wooden  frame. 

In  the  configuration  shown  (three  conductor  return),  the  in- 
ductance is  only  20%  more  than  that  of  a full  coaxial  system. 

For  a full  coaxial  system,  if  rg  “ 2r)^ , the  inductance  per  meter, 
L',  is  given  by 


l'  - Jia_  logg  / ^ \ 

/iH/m 

2n 

« 0,2  log^,  2 

fiU/xa 

(1) 

and  therefore  the  inductance  of  the  configuration  is 

^ m 1 ...  / 

approximately 

The  circumferential  positions  of  the  return  conductors  were 
obtained  from  POTENT^  (Reference  6)  calculations.  The  spacing  of 


^POTENT  .3  a 2-dlraensionai  field  mapping  program  for  electrostatic 
and  magnetic  field  problems.  Calculations  are  performed  on  a 
50X50  mesh,  and  for  the  magnetic  case,  tabulations  at  each  mesh 
point  provide  values  of  magnetic  flux,  Hx,  Hy,  and  I HI.  Arbi- 
trary geometry  can  be  specified  and  the  program  allows  variable 
mesh  spacing  to  improve  accuracy  in  regions  of  high  field  curva- 
tvire.  The  data  can  be  processed  by  a graph  plotting  routine  to 
produce  mappings  of  magnetic  flux  contours  (field  lines)  and  |H1 
as  used  in  this  report. 
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the  return  conductors  to  fuselage  was  varied  along  the  length  of 
the  fuselage  In  an  attempt  to  keep  r2/rj  approximately  constant 
at  two.  The  inductance  at  representative  stations  as  calculated 
from  the  POTENT  field  maps  were  as  follows: 


CONDITION 


Current  on 
fuselage  skin 


STATION  75 
FORWARD  BAY 


.177  //H/m 


STATION  150 
COCKPIT 


.172  /iH/m 


STATION  273.5 
FUEL  TANK 


. 14  /iH/m 


Current  in  metal  , 286  /uH/m 
or  high  conducti- 
vity regions 


.277  ^iH/m  .179  /vH/m 


As  can  be  noted,  the  tabulated  values  show  very  close  agreement  to 
the  .1''+  ;yH/m  calculated  from  equation  (1)  above. 

The  first  utility  of  the  above  values  of  inductance  is  to 
facilitate  calculation  of  total  inductance  of  the  test  configura- 
tions. The  forward  fuselage  is  approximately  4.9  meters  long  with- 
out its  instrumentation  breakout  box  (See  Section  6)  and  5,6  meters 
long  with  the  box.  Therefore,  the  inductance  of  the  load  assembly, 
Ll,  is  given  by 

- 0.14  X 5.6  //H 

- 0.78  m 

Thus,  an  inductance  of  ~ l^H  can  be  realized.  This  low  value  of 
inductance  enables  the  overall  system  inductance,  Lq,  of  the 
capacitor  bank,  switch,  busbars  and  load  assembly  to  be  kept  very 
low  consequently  easing  the  problem  of  generating  large  I and  di/dt 
with  the  simple  bank, 

4.2  DESIGN  OF  CAPACITOR  BANK 

FOR  CURRENT  PARAMETERS 

The  next  consideration  was  the  design  and  expected  output  of 
the  capacitor  bank  to  the  load  assembly.  These  considerations  are 
as  follows : 

The  low  frequency  equivalent  circuit  of  a capacitor  discharge 
pulse  generator  is  shown  in  Figure  7. 
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TRIGG  liK 


Cq  - Bank  capucituncf 
Lq  - Total  soric'S  inductance 
of  bank,  load  assy, 
resistor,  etc. 

Rq  ■ Total  effective  Series ■ 
resistance 


Figure  7 

Lightning  Generator  Kquivulent  Circuit 


When  the  capacitor  bank  is  charged  initially  to  Vq,  the  cur- 
rent pulse  amplitude  la  given  by 


Vok^ 


Ainpi 

Lr\ 


k^  ■ 1 and  is  a function  of  4Lo 


if  Rq  - 0,  k,  - 1 


if  Rr,  “ zJhs^  ■ Ri'  (the  value  for  critical  damping) 
^Co 

I - XS  V 


Amps 


where  e - 2.718,,, 


if  Rq  is  less  than  Rq  the  pulse  is  oscillatory.  If  R©  “ *^0  . 
unipolar  pulse  with  no  overshoot  is  achieved. 

Independently  of  R^  the  niaxinnitn  rate  of  change  di/dt  is 
given  by  ^ 

dl  - Va  AJtvs/s  (5) 

dt  Lo 
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4.2.1  Calculation  o£  £ and  dl/dt  Amplitudes 

Infonnation  development  to  this  poJLnt  now  allows  some  approxi- 
mate calculations  to  bo  made  of  t and  di/dt.  These  can  then  be 
compared  to  the  magnitudes  we  sought  for  the  reasons  outlined  in 
Section  3.2. 

From  Section  4.1,  Ll,  is  approximately  1 /uH,  As  a first  order 
approximation,  we  estimated  another  1 to  1,5  /iH  in  the  capacitor, 
switch  and  resistor  for  u total  circuit  inductance,  Lq,  of  2-2.5 
;iH. 


A capacitor  of  4 45k\  (working  voltage)  was  available, 

thus 

Lp  - 2.25 //H 
Co  “ 4.0  /<F 
Vo  « 45k\ 


Assuming  kj ■ 0.85,  from  equation  (2), 

I - 45  X 103  X .85  xA  .x  10“^ 

^ 2.25  X 10“O 


- 51kA 


and  equation  (5)  gives 


A 

di 

. 45  X 103 

It 

2.ii  X io-6 

If  Ro  - Rc 

->  1.5^  (unipo 

} - 

45  X 10^  U K 10‘ 

2.7iJ3“'  V 2.  S5  X 

20kA/u8 


-6 


Io-6 


- 22kA 


^ - 20kA/uB 


Those  are  nominal  values;  actual  tost  values  are  given  in 
Section  5.  However,  the  range  of  these  values  demonstrate  that 
the  configuration  will  provide  the  simulation  we  intended  to 
achieve.  (See  3.2  requiroments) 
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4,3  DESIGN  IMPLtJIENTATION 


Requirements  and  test  configurations  have  been  developed. 
However,  the  success  of  the  test  program  was  as  dependent  on  the 
hardware  and  methods  of  implementing  the  design  ns  on  development 
of  the  requirements  for  the  test  configuration.  The  items  of 
impltmientation  such  as  grounding,  impulse  generator  design,  and 
instrumentation  are  discussed  in  this  section, 

4.3.1  System  Grounding 

Due  to  the  simplicity  and  small  size  of  the  one  stage  bank, 
considerable  flexibility  is  possible  in  the  layout  of  the  test 
configuration  grounding.  Conventionally,  one  side  of  the  capacitor 
bank  is  grounded  (as  in  Reference  3);  other  testa  have  grounding 
points  at  the  fuselage  midpoint  (Reference  1)  but  choice  of  ground- 
ing should  be  determined  from  considerations  (vi)  and  (vii)  in  Sec- 
tion 4.0  above.  Various  possible  grounding  configurations  are 
shown  in  Figure  8.  Choice  of  point  (1)  seemed  to  provide  the 
simplest  method  for  accontpllshing  all  the  constraints  of  articles 
(vi)  and  (vli).  Additionally,  point  (1)  also  provided  the  most 
convenient  place  to  provide  a reference  to  the  screen  room  which 
was  used  to  house  the  measuring  instruments.  Further  discussions  on 
the  screen  room  are  contained  in  subsequent  paragraphs. 

With  regard  to  spurious  grounds,  the  small,  compact  bank  al- 
lows large  separation  distances  above  the  ground  so  as  to  minimize, 
stray  ini’  current  through  distributed  capacitance, 

Seli'Ctiou  of  point  (1)  does  allow  the  capacitor  bank  to  rise 
to  several  kV  during  the  pulse  but  this  effect  is  not  detrimental. 
The  charging  and  trigger  leads  also  have  high  voltage  impressed  on 
them  during  the  pulse.  These  leads  are  effectively  Isolated  by  a 
resistor  string  which  prevents  spurious  currents  from  being  in- 
jecti^d  back  into  the  power  vsupply  units. 

As  noted  in  Figure-  8,  only  one  point  was  established  as  a 
ground  for  the  total  test  configuration.  Figure  9 shows  the  loca- 
tion of  this  ground  with  respect  to  the  load  assenlily  and  the 
screeMi  room  (trailer  in  the  background  of  Figure  9). 

4.3.2  Imt>ulse  Generator 

The  high  curri.M-it  impulse  generator  consisted  of  one  4/iF, 

50kV  energy  storage  capacitor,  an  open  gap  switch,  and  a series 
damping  resistor.  These  high  current  eiemeuts  were  urrangetl  in  a 
closely  spaced  circuit  located  at  the  nose  of  the  fuselage  about 
four  feet  above  the  floor  us  shown  in  Figure  10. 
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RETURN  CONDUCTOR 


1,  2,  and  3 are  alternative  grounding  points  of  which  only 
one  may  be  used.  1 is  the  most  convenient  for  instrumenta- 
tion - see  text. 


Figure  8 Choice  of  Bank  and  Load  Assembly  Grounding  Points 
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Tlu'  gap  swit  ch  was  constvuctod  with  omi  elccti'odo  attached 
to  the  capacitor  and  it  utilizi^d  a mid-plune  trigger  rod  us 
shown  in  Figure  10,  The  surios  resistor  was  coiisti'uctod  with 
titanivuu  strips  to  provide,  high  resistivity  and  the  strips  were 
connected  in  alternate  directions  in  a closely  spaced  stack  lor 
minimum  Inductance.  The  resistor  parameters  were  1,35  oluus  re- 
slstunce  and  0.3  microhenries  inductance. 

Charging  and  triggering  were  provided  Crom  a power  supply  as- 
sembly located  about  six  i’eot  irom  the  capacitor.  Resistive  isola- 
tion was  provldetl  in  both  the  charging  and  trigger  lines.  The  re- 
sistors were  located  inside  plastic  tubing  that  was  extended  bet- 
ween the  units.  Triggering  was  provided  through  a smaller  trigger- 
gap  located  inside  the  power  supply  assembly.  (This  trigger  was 
also  taken  out  to  the  screen  room  for  oscilloscope  trigger.) 

The  unique  features  of  this  part  of  the  test  configuration 
is  the  low  inductance  provided  by  the  dumiring  resistor,  and  the 
closed,  broad  connections  between  the  capacitor/gap  and  the  load 
assembly,  A schematic  of  the  Lest  configuration  is  given  in 
Figure  11, 


4.3.3  Instrumentation 

Instrumentation  coiasisted  of  a mobile  screen  room,  a Tektronix 
7633  oscilloscope,  a I’eurson  1080  current  trunsfonue.r , a fiber 
optic  transmi tter/ receiver , RC-58  uvid  RG-22  coaxial  oablii,  and  varl 
ous  calibrated  loops  and  divider  networks.  This  section  discusses 
the  Instrumentation  arrangomemts. 

4 , 3 . 3 . 1 Screen  Room 

For  these  testa,  we  obtained  a tral.ler  which  had  a 8K12  scre'-n 
room  with  un  ancillary  unshielded  operations  room.  This  trailer 
was  pai-ked  about  12-15  foot  from  the  loud  assembly.  All  measure- 
ments were  taken  from  insid<»  the  screen  room.  Figure  12  shows  u 
portion  of  the  internal  arrangement. 

The  screen  rotmi  received  power  from  a self-contaiiu'd  trans- 
former which  was  energized  from  facility  power.  The.  power  entry 
points  into  the  shielded  enclosure  were  filtered  aiid  data  indica- 
ted no  spurious  signals  Inside  the  enclosure.  Hard-wire  inter- 
face cables  into  tlve  shielded  enclosure  were  all  shielded  with 
shields  grounded  at  the  entry  points.  Reference  was  the  single 
ground  point  established  at  the.  rear  of  the  load  assembly.  iTioc- 
trical  connection  from  the  trailer  to  the  ground  was  effected  by 
a section  of  aluiivlnum  pipe  laid  from  the  oueside  wall  of  the  trail- 
er to  ground  point.  At  the  trailer  sl.de  wall,  a heavy  braid  was 

lb 


6C  Hz  Pcn«r 


fitted  over  and  clamped  to  the  aluminum  pipe  and  routed  through  an 
air  duct  to  the  ancillary  operations  room,  outside  the  shielded  en- 
closure, where  it  was  solidly  fastened. 

4 . 3 . 3 . 2 Measurement  Instruments  and  Transducers 

All  measurements  were  made  using  an  o.scllloscope  (CRO)  , Tek- 
tronix Model  7633  with  a 7A13  differential  preamplifier,  This 
CRO  has  storage  capability  at  sweep  rates  of  50  ns  per  division, 
a bandwidth  of  105  MHz,  and  a common  mode  rejection  ratio  greater 
than  200  to  1 up  to  20  MHz.  It  was  calibrated  to  manufacturers 
specifications  just  prior  to  the  tests  and  calibration  checks  were 
made  periodically  during  the  test  period. 

The  CRO  inputs  were  provided  by  a coaxial  or  fiber  optic  in- 
terface. The  coaxial  interface  (RG-58  or  RG-22)  was  used  in  mea- 
surement of  IR  voltages  developed  along  the  fuselage,  and  flux 
(both  diffusion  and  external)  voltages  induced  into  "looped"  cir- 
cuits inside  the  fuselage.  The  coax  was  routed  from  the  screen 
room  to  the  fuselage  inside  the  aluminum  pipe  used  to  establish 
ground  between  the  screen  room,  local  facility  ground  and  the 
fuselage.  As  can  be  seen  from  Figure  9,  a vertical  aluminum  pipe 
makes  the  ground  connection  between  the  fuselage  and  facility 
ground.  The  vertical  pipe  is  attached  to  an  aluminum  fixture 
(instrumentation  break-out  box)  which  is  in  turn  connected  to  the 
metal  bulkhead  which  exists  at  station  253  of  the  fuselage.  This 
instrumentation  break-out  box  was  used  to  facilitate  instrumenta- 
tion connections  and  to  provide  an  extra  length  to  promote  a par- 
ticular longitudinal  HF  resonance  as  discussed  in  Section  3.3.2. 

From  inside  the  break-out  box,  the  instrumentation  coax  was 
routed  inside  the  fuselage  skin  to  the  particular  areas  under 
test.  The  routing  was  made  along  metal  substructure  or  graphite 
build-up  areas  where  possible  in  order  to  minimize  pick-up  in 
the  cable . 

At:  the  CRO,  divider  networks  were  provided  to  scale  the  mea- 
sured voltages  so  that  the  common  mode  rejection  voltage  would 
not  be  exceeded  at  the  CRO  inputs.  A typical  divider  is  shown  in 
Figure  13.  Data  wa.s  measured  using  the  differential  input  fea- 
ture of  the  scope. 

During  tests  with  coaxial  cable  diagnostics,  spurious  noise 
pick-up  was  periodically  monitored  by  short  and  open  circuit  mea- 
surements in  order  to  assure  a high  signal  to  noise  ratio.  Figure 
14  illustrates  a typical  check  where  the  short  circuit  signal  was 
due  to  small  loop  coupling  (i.e.  simulated  loop  formed  by  the  coax/ 
test  circuit  interface) . The  largest  detected  values  peaked  in  the 
tenths  of  volt,s  range,  Figure  14,  which  was  negligible  compared  to 
lens  or  hundreds  of  volts  measured  by  the  test  circuit. 
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A.  Short  Circuit  Test  in 
Forwnrcl  Hay. 

Vortical;  1 V/Div. 
llorlzont  ai  : 2uh(.'c/D1v, 

(Opeti  Circuit  Test  slu>wed 
11  c j’,  I i j.;  1 b 1 e s i p,  n a 1 ) 
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'"'•'V  XW  <11  J> 


H.  Kxpansi.on  of  Photo  A above 

Vertical;  1 Volt/Div. 
Horizontal!  .100  iiHcc/Div, 


Ck^  (006 


l''i)',urc'  1 ‘'t : 


Typical  Noise  Chock  Diita  with  RC-22 
Coaxial  Cab  I 0 


When  a sij'nal  to  noise  ratio  was  small  enough  to  become  cletrl- 
mentul  tn  data  accuracy,  a diagnostic  setup  was  used  w>  .ch  incor- 
porated a low  noise  Fiber-optic  link.  This  system  clinnnatod  high 
common  mode  voltages  and  spurious  IIF  pick-up  from  shield  leaks 
or  interaction  between  the  screen  room  and  fuselage.  A block  dia- 
gram of  the  fiber  optic  link  is  .«hown  in  Figure  15,  The  transmitter 
and  receiver  units  were  obtained  from  Meret  Inc.,  Part  Number  MDL238. 
Since  these  devices  did  not  specifically  meet  our  requirements,  a 
few  modifications  were  performed  as  indicated.  The  moat  important 
of  these  modifications  involveil  designing  a buffer  and  frequency 
compen.sut ion  unit  lor  the  transmitter,  and  a frequency  compensation 
atid  post  amplifier  unit  for  the  receiver.  The  result  of  tliese  modi- 
fications was  to  provide  an  analog  system  with  a flat  frequency  re- 
.sponso  out  to  30Milx.  and  a 20dB/decade  rolloff  thereafter.  This  re- 
sulted in  less  than  12dli  loss  at  our  upper  frequency  limit  of  50MH>r, . 

The  voltage  divider  located  at  the  signal  input  was  added  be- 
cause there  was  a 1 volt  input  limitation  to  the  transmitter,  The 
divider  wa.s  made  variable  by  resistor  R for  covering  a wide  range 
of  induced  voltage  levels.  The  entire  tran.smi.ssion  system  was 
placed  In  a metallic  case  (2  x 2 x A tnche.s)  and  powered  by  NICAD 
batteries.  A twisted  pair  was  used  for  connections  to  test  cir- 
cuit,s in  order  to  eliminate  unwanted  flux  coupling.  Open,  loaded, 
and  short  circuit  check.s  were  continuou.sly  made  during  all  test 
phases  tind  on  all  diagnostic  setups  to  define  real  wero  and  voltage 
level, s not  a.s,sociated  with  the  te.st  circuit. 

Figures  16  and  17  show  examples  of  the  loaded  and  open  cir- 
cuit noise  lovel.M  , rcfipectivcly . A few  quick  tests  showed  this 
noi.se  was  located  e.ssentially  in  the  receive^'  unit,  However,  the 
noise  level  was  .sufficiently  low  and  its  frequency  high  enough  as 
not  to  .significantly  intei*foro  with  accurate  data  acqui.sition , 

For  complete  isolation  from  the  high  noise  environment,  the. 
.storage  scope  u.sed  for  recording  data  was  al.so  triggered  by  a 
fiber  opl'.ic  link.  This  link  wa.s  designed  and  built  at  G.  D.  and 
conslstH  of  simply  u waveshaping  circuit  and  transmitter  receiver 
units  , Tt  enr^  respond  to  a 20  nanosecond  pulse  up  to  50  volts  and 
has  a delay  time  comparable  to  that  of  the  data  link. 

The  tvanducers  In  gener<jl  were  circuits  which  were  placed 
inside  tlie  fuselage  iia  particular  places  to  evaluate  effects  such 
a.s  diffusion  and  apertures.  The  ctrouit.s  consisted  of  loops, 
coax,  opLMi  circuit  wires,  twisted  pair  and  twlstcd-Bhiclded  pair. 

In  addition,  .small,  calibrated  one  and  four-turn  loops  were  used 
to  measvu'o  flux  (and  indirectly  current)  di  str ilnitlon  both  inside 
and  o\itsiclc  the  fuselage  shell. 
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Figure  15  Fiber  Optic  Diagnostic  Setx^ 


The  primary  current  pulse  was  measured  using  a Pearson  Model 
1080  transformer  connected  around  the  connection  point  between  the 
fuselage  shell  and  the  return  conductors.  This  instrumentation 
point  is  located  at  the  aft  end  of  the  fuselage  between  the  in- 
strumentation break-out  box  and  the  returns, 
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Tht'  current  wavcfom  developed  by  the  impulse  generator  was 
an  over  damped  unipolar  pulse  with  a peak  value  of  20,000  amperes 
rising  to  peak  in  3.2  microseconds  and  falling  exponentially  to 
50%  at  8.5  microseconds  from  turn-on.  The  initial  rate  of  cur- 
rent rise  was  17  kA/^^a,  It  was  generated  from  a charge  voltage 
of  45  kV  on  the  4;yF  capacitor. 

The  current  was  measured  with  a calibrated  current  transform- 
er, Pearson  Model  1080,  located  at  the  aft  end  of  the  fuselage. 

The  transformer  provided  an  accurate  trace  of  the  basic  current 
waveform  but  it  was  found  that  it  acted  as  a differentiator  of 
high  frequencies  and  exaggerated  components  that  were  faster  than 
its  rated  rise  time  of  .25  microseconds.  The  current  wave  con- 
tained faster  components  and  they  were  measured  separately  as 
described  below. 

The  output  of  the  current  transformer  was  recorded  and  a 
computer  analysis  was  made  by  using  u digitizer  to  collect  input 
data  points  from  the  current  trace.  The  waveform  and  its  charac- 
teristics .'ire  shown  in  Figure  18.  A Fourier  transform  of  the 
low  frequency  components  was  made  and  is  shown  in  Figure  19, 

Parameters  of  the  test  circuit  were  determined  from  component 
measurements,  from  waveform  analyses  and  from  measurements  of  im- 
pulse voltages.  The  circuit  inductance  was  determined  from  an 
undordaraped  waveform  that  was  obtained  by  shorting  the  damping 
resistor  and  discharging  the  capacitor  at  45  kV,  The  waveform 
and  its  analysis  are  shown  in  Figure  20,  The  division  of  the 
circuit  inductance  between  the  components  was  determined  by  mea- 
suring impulse  voltages  around  the  circuit.  Voltage  was  measured 
with  respect  to  the  screen  room  through  a voltage  divider  located 
at  the  screen  room  wall  with  the  sensing  lead  connected  to  the 
circuit  at  right  angles  to  the  current  path.  The  initial  impulse 
voltage  across  each  component  was  determined  from  the  traces  and 
the  inductance  of  the  underdamped  circuit  was  divided  among  the 
components  in  proportion  to  the  initial  voltage  drops.  The  mea- 
sured and  calculated  values  of  R,  L,  and  C are  tabulated  in  Table 
1. 

In  comparing  the  values  obtained  with  the  requirements  we 
developed  in  Section  3,  there  is  a very  good  agreement  with  what 
was  expected. 
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Vt'i-lical:  4 ItAmps/  1)1  v. 
lloriiionLul : 3 usoc/  Div, 


VltIIcuI:  4 lo\inps/  Div. 
HoL'izonlal:  1 usi'c/  Div. 


Capai’  i l aiK'c 
Vo  1 1 a.r.o 

(lurt'oni  M.'ixiimim 
dl/dt  Maximum 
I’oak  Timu 
Natural  !•' ia'quoiu.'y 
Mliarj'.o  Trails  for 
Aollon  lull')', ral 
Total  Kos  1 a t aiici.’ 


“ 4.0  uK 

- 43  UV 

;10  UAmps 

^ l/.ll  kAmps/usoo 
.1.  L!  u.st'c 
« 40.  ;>  uiiK 

“ 0.18  Coulombs 

- 2.4  X A“  soc 
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T A B L K 1 


TI'^ST  CIRCUIT  PARAMETERS 


Ca|)acitancc : 

Bridge,  Brown  Elec.  Co.  Model  312A 
Capacitor,  CSI  Model  50W588NP 

Resistance  Calculated  from  Waveforms: 

Undurdamped  circuit 
CverdaiTipod  circuit 

DC  Resistance  of  components: 

Bridge,  Rubicon  Co.  Model  1622 

Damping  Resistor 

Fuselage  and  return  conductors 

Fuselage  forward  compartment 

Inductance  Calculated  from  Waveform: 

Undurdamped  circuit 

Inductance  of  connsonents  calculated 
from  voltage  division: 

Capacitor  and  gap  assy. 

Damping  resistor 
Generator  connections 

Generator  total 

Fuselage  ISta.  60  to  253 
Return  conductors  Uta.  60  to  253 
End  connections  Stu.  253 

I-,oad  total 

Total  test  circuit 


4.05  (jf 


.165  ohms 
1.686  ohms 


1.350  ohms 
.0228 
.0105 


2.26  //H 


0.23 

0.28 

0.79 


1.30  all 

0.56 
0.34 
0 . 34 


1.24  fill 
2.54  uH 
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3.1 


l.OW  I'KKgiJKNCY  (LK)  DIS'l'RIBU'l'lON 


'L'ht'  tils Lrtbui ion  around  ihi'  forward  cornparLment  was 

inoasured  in  doiail  at  iustdago  station  85.  'ilio  forward  conipart- 
nuMU.  wa.s  totally  compowsito  oxcopt  for  niotal  riny  raomburs  iit  sta- 
tions 00  and  98.  All  ociuipim-nt , wiring  and  oquipmont  mounts  wort' 
roiiiovi’d  from  thi’  compa r traont  prior  to  tho  tosts  sotlrat  Lho  rosults 
would  indicato  charactorisLics  of  an  all  couiposito  strueturo.  Tho 
20  kA  tOvSt  currt-'iiL  was  appliod  c'lid  to  und  for  oach  moasuromont. 

hoops  woro  placod  initially  In  six  locations  around  tho  ouL- 
aido  of  tho  fusolago.  l<’iold  Lracos  (intogratod  voltages)  uro 
shown  in  Figure  21.  Tho  flux  waveshape  with  tirao  was  found  to 
bo  similar  to  that  of  tho  driving  curri’iit  as  can  be  soon  from  a 
comparison  with  Flguri'  18. 

The'  magnetic  fii'ld  pattern  produced  by  the'  tost  current  pulse 
was  mi'asuri'il  with  small  wire  loops.  Six  identical  loops  were  con- 
sLi-ucti'd  by  winding  four  turns  of  No,  24  wire  on  a 3/4  x 2 inch 
wooden  form.  Thi'  iT'Sultant  coil  looped  an  area  of  ,00108  m with 
four  turns  and  had  at\  Inductance  of  I»8  /jll.  I'lach  coil  was  connec- 
ted to  KG58  cable  which  was  routed  through  the  fuselage  to  the  CRO 
and  was  tenninate'd  with  30  ohms.  The  signal  was  divided  at  the  GUO 
for  voltage  uu'asurc'ments  and  was  connected  to  a 100  na  integrator 
for  flux  measurc'ments . Tho  time  constant  of  the  loop-cable  system 
was  deti.'rml net]  to  be  adequate  for  the  LF  traces  but  was  too  long 
to  permit  scaling  of  the  high  frequency  components  of  voltage. 

As  can  be  Seen  from  Figure  21,  tVie  distribution  around  the 
fuselage  is  very  uniform  fas  would  be  the  case  in  free  space  and 
aa  was  an  initial  reciulrement  in  the  design  of  the  test  configura- 
tion) . 

To  provide  a check  on  the  data,  thi^  magnetising  force  around 
station  85  was  calculated  from  the  measured  field  strength  and  was 
compared  with  the  magnetizing  force  that  was  calculated  from  the 
driving  currc’.nt  and  the  fuselage  dimensions.  For  example,  the 
peak  field  of  circuit  A03  in  Figure  21  was  ,0089  webers/moter^ . 

The  magnetizing  force  at  that  point  was  tills  field  intensity  divi- 
ded by  the  permeability  of  free  space,  or  . 0089/4n- x 10“^  “ 7082 
Amp /me ter.  This  value  is  in  good  agreement  with  the  average  mag- 
netizing force  of  the  driving  current  which  was  ^0  kA  and  a fuse- 
lage circumfi'ti'nce  at  station  85  of  2,74  meters,  or  7290  Amp/met(»r. 
This  value  also  compares  favorable  with  values  predicted  by  POTENT 
as  shown  in  Section  b. 

Next,  the  loops  were  placed  insJ.de  the  fuselage  at  the  same 
six  locutions.  The  result.‘i  are  shown  in  Figure'  22.  The  internal 
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flux  did  not  follow  the  driving  current,  but  followed  a diffusion/ 
redistribution  pattern  that  was  determined  by  characteristics  of 
the  fuselage.  Note  that  the  general  shape  of  the  flux  (which  is  a 
measure  of  in.  ernal  skin  current)  follows  the  shape  suggested  by 
the  theory.  (See  Section  6.) 

5.2  HIGH  FREQUENCY  (HF) 

DISTRIBUTION 

As  discussed  in  Section  3.3.2,  a longitudinal  distribution 
of  HF  current  wa.s  expected  in  our  test  configuration.  Measurements 
were  made  in  a similar  manner  a.s  in  the  LF  testa.  The  expected 
predominant  frequencies  were  lAMHx  and  . These  currents  were 

expected  to  be  maximum  at  the  aft  end  and  minimum  at  the  forward 
end . 


Figur'us  23(a)  and  (b)  show  the  loop  voltage  and  current  (inte- 
gral of  loop  voltage)  at  the  aft  end  and  Figures  23(c)  and  (d) 
show  the  comparable  value.«  at  the  generator.  At  300  nanoseconds 
from  tuin-on,  the  current  at  the  aft  end  measures  198  amperes  peak- 
tu-peak  (0.6  x 330  amp;)  and  at  the  fom^ard  end  92  ampere.s  peak-to- 
peak  (0.2  X 463  amp.s)  . 

The  predominant  frequency  shown  in  the  integrated  waveform 
is  34MHz.  The  int  gration  time  was  too  long  to  show  any  higher 
frequency  componer t . However,  the  higher  frequency  (approximately 
46Mllii)  is  evident  in  the  voltage  shown  in  Figures  23(a)  and  (c). 

To  demonstrate  that  the  effect  (HF  components)  is  due.  to 
transmission  line  mis-match,  the  characteristic  impedance  of  the 
set-up  was  calculated  (4C1J  ) and  this  value  resistance  wa.s  con- 
nected ac/'oss  the  forward  end  of  the  fuselage  between  the  return 
conductors  and  the  fuselage.  The  measurement  of  current  was  re- 
peated, with  the  results  shown  in  Figure  24(a)  and  (b) . Clearly, 
the  HF'  component.s  are  a transmission  line  effect  as  the  lAMHu 
component  is  almost  completely  damped  out,  During  tests,  the 
damping  resistor  was  removed , 
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(B) 

Current  waveform  Indicated 
by  100  nsec  integrator. 

Vertical;  330  Amps/Div, 
Horizontal:  100  nsec/Div, 


Figure  24  Fffecto  of  Matching  the  Impedance  of  the  Test 
Configuration 
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S !■;  C T ION  VI 


T I'  S T A 1’  1’  U 0 A C H AND  C 0 M P A I<  I vS  0 N 0 [' 

V R 1'.  n I c 'r  i’.  i)  AND  M !•;  a s u r !■:  d r i’.  s u h t s 

In  Section  3,4,  wo  siaiPtl  tho  primary  nu'cbinisms  i'or  induced 
L't'focCs.  Induced  voltiiHOS  ate  either  due  to  an  aperture,  or  re- 
slativoly  generated  voltages  resulting  from  diffusion  of  the  flux 
through  the  fuselagi*  skin,  or  a combination  effect. 

Kor  api'ttui'e  effi'cLs  there  is  no  fundamiuiLal  difference  bet  • 
ween  a metal  or  a Cir/r<;p  fuselage.  Hence,  calculations  of,  and 
measurenu'nt s on  apertures  in  a composite  fuselage,  e,g,,  the 
cockpit,  will  ill  principle  be  unaffected  by  thi'  graphite.  However, 
due  to  the  comparatively  large  IK  drops  to  bi'  expected  in  graphite 
(perhaps  hundnni  or  thousands  of  volts  since  p is  — .1000  times 
larger  than  for  aluminum),  IK  and  aperture  voltages  will  be  comp- 
arable In  magnitude,  and  may  add  or  subtract  to  give  complex  wave- 
forms, lixamples  will  be  shown. 

Graphiti'  (a  a conductor,  although  a poor  one,  Tlieri.‘fore,  it  is 
essentially  different  from  Ki’Vlar  and  glass  fiber  which  aro 
insulators  and  give  aperture  typo  voltages  behind  them.  Since  graph- 
ite is  a conductor  both  resistive  and  diffusion  flux  induced  volt- 
ages measured  internally  will  therefore  be  proportional  to  the 
wavefoi.’m  of  tlu'  curveiU  and  not  <ll/dL, 

To  make'  the  output  of  these  tests  as  geni'ral  as  possible,  wi' 
ni’eded  to  determine'  the'  principal  characte'riaLics  e)f  a complex 
structure  comprising  graphite,  metal  emd  non-conductors  freim  the 
vie'wpoint  of  lightning  and  the'  electrical  .syste'm.  IXie'  to  the 
mechanical  anei  eie'ctrical  c.ejmple'xll y erf  tlu>  fuselage,  three  typi- 
cal sections  were  tested; 

1)  Forward  Keiulpme'nt  Ihiy  (I'’1:h).  Stations  60-98.  Fully 

encloseel,  mainly  graphite'  with  TourThlcTcened  up  longi'- 
rons , but  little'  metal,  with  two  re'iuovable  graphite 
doors,  one'  with  a small  Ke’vlar  acce'ss  pane'l  in  it. 

Ooukpil.  S tell  ions  98-168.  barge  aportvire'  dominated 
section,  malaViy  graphite'  wall  and  floor  (including 
graphite'  front  stroke  section)  but  with  a mi'tal  sill 
(the'  canopy  seal)  and  the  lue'tal  rig, ht -hand  I'quipment 
console. 

C ent ral  and  R. A_f Ibiys. Stations  227-21)3 . This 

se'ciion  has  a lot  of  metal  in  the-  strake's,  (he'  rear 
tiainsverse  bulkhead,  anel  i'ore  and  aft  pane'ls.  The' 

4D 


3) 


graphito  bay  doors  are  secured  to  all  metal  sub- 
structure. The  right  hand  side  panel  has  metul  in- 
serts for  the  screw  heads. 


In  all  sections  the  predominant  modes  of  induced  voltage  were  det- 
emined.  Surface  IR*  and  loop  voltages  were  predicted  and  measured, 
including  the  dependence  on  circumferential  position,  and  depth 
within  the  bay  (i.e.,  distance  in  from  skin).  Also  the  effect  of 
metal  fasteners  and  of  screening  of  the  wires  to  induced  volt- 
ages is  shown. 

> 

Additional  measurements  included: 

(a)  Small  aperture  effects 

(b)  Attenuation  of  H.F.  fields  through  graphite  panels 

(c)  I'erformance  of  twisted  pairs,  coaxial  cables  and 
shleldud  twisted  pairs  iti  presence  of  aperture  and 
diffusion  fields, 

(d)  Effect  of  additional  metal  conductors  and  their  impact 
on  the  circumferential  variation  of  voltages 

(e)  H.  F,  effects  inside  enclosed  areas  (fwd  buy)  duo  to 
capacitive  coupling 

(£)  Flux  distribution  Inside  the  fuselage. 

The  test  series  also  included  an  "electronics  powered  up"  tost 
on  the  aircraft  to  check  for  interference  or  damage. 


6.1  FREDICTKI)  KKSUITS:  FORWARD  ROUIPMENT  BAY  (F.IC.B.) 

6.1,1  Surface  IR  Voltages 

A POTENT  (Reference  6)  £i«'ld  mapping  of  the  front  fuselage 
at  station  75,  with  the  specified  load  assembly  return  conductor 
positions,  yielded  the  surface  magnetizing  force  11  sliown  in 
Figure  25(u)  . Thesi>  values  are  identical  to  the  surface  current 
density  (i.e.,  current  pi-r  unit;  width  for  longitudinal  current), 


*The  term  surface  IR  voltvige  means  that  the  resistively  produced 
voltagt'  is  measured  by  sensing  connections  along  the  inner  face 
of  thi'  panel  whose  outer  surface  is  the  outer  surface  of  the 
aircraft  skin. 
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LINE  OF  SYMMETRY 


^8600 
— 9106 
- 8600 
-8100 
7600 


CALCULATED  VALUES  OF 
HAND  HENCE  SURFACE 
CURRENT  DENSITY  JIN 
AMPS/m  FOR1«20KA 


FIELD  LINES  (Linn  of  Conitant 
Flux)  FOR  CURRENT  IN 
GRAPHITE  BUILT-UPAREAS 
TOTAL  FLUX  IS  PROPORTIONAL 
TO  NUMBER  ON  FLUX  LINE 


JOINTS  FORE 
AND  AFT  IN 
THIS  REGION 


470 

I 444 

f 41 S 

392 


CALCULATED  TOTAL 
VOLTAGES  INCLUDING 
JOINT  VOLTAGE  WHERE 
APPROPRIATE 


Figure  25  Station  75  - 


Calculated  Flux  and  H Values 
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also  In  Amps /mo  Lor , in  t.hc  condition  where  the  current  distribution 
in  ortMontiaily  inductively  shared  around  the  entire  fuaolupc  peri- 
phery. It  can  he  shown  tiutt:  current  redi  stril)utlon  is  .small  up  to 
peak  eurrettt  . Since  current  penetration  throuj'h  the  p,raphlte  ia  so 
fast  , the  In.side  tuirface  vi^ltajte  follow.s  the  cnirrent  pulse.  There- 
fore tile  external  ctirront  produces  a voltuj’e  on  the  in.side  .surface 
of  tlu'  p.raphite  p.inel  p.i.ven  iiy  an  Ohm's  Law  calculation; 


R 

wliore  J 

h 


J‘/Vir/  Volt.s 

TIT 

local  surface  current  density 
offoctivo  resistivity  of  praphite  panel 
panel  lenp.th 
panel  tliicknoss 


(6) 


.1  is  obtained  from  I'iv.vivo  i?.lj(a)  and  in  the  F.K.h;  f <•  118"  (.965n0; 
h for  (i-ply  is  ().8A  x lu’''m;  and /Vfl  is  taken  from  measured  data. 

For  ca Icti ial  i ons  in  tltis  report,  the  value  nf/Vitlw  taken  to  he  the 
resistivity  of  the  surface  ply,  />o  . This  value  is  3750  x 
and  wa.s  measured  /is  described  in  Volume  1 of  tills  report.  This  value 
of  resistivity  is  lower  than  most  published  v/ilues  and  is  lower  than 
would  be  predicted  for  a (0,  +A.5)j^  p/inul  uslnp, and as  measured  In 
Volume  1,  The  fact  is,  an  effective  bulk  resistivity  for  the 
fuseiaj’O  wtJl  vary  constderahiy  around  and  /ilonp  the  fuselap.c  peri- 
phery due  to  metal  substructure,  ply  build-up  sucli  as  around  access 
dooits  and  other  ply  and  construction  anom/iiJ.es  as  discussed  in  this 
report.  Such  anomalies  would  always  tend  l.'o  make  the  effective 
resistivity  lower  than  would  be  predicted  for  uniform  structure  con- 
t/iinin)’,  only  p.riiphlte  and  epoxy. 

Usinp,  /ihove  value.s  for  / , h,/Vci-.  and  .1  (from  Figure  25  a)  the 
calculated  voltages  arc  shown  in  Figvire  25(b)-  To  allow  for  the 
screw  joints  in  the  access  panels,  a resistance  of  5mll-mwill  be 
used  based  on  me/isurement s on  ICnvironmcnta  1 Conditioning  Tests  made 
at  General  Dyn/imlcs.  Fur  2 joints  per  p/inci  (fore  and  aft),  the 
total  joint  voit/ige  V,  to  he  added  to  the  Figure  25(b)  values  are; 

V,  - J X 10  X 10  volts. 

Thu.s  the.  total  metal  ring- to-metal  ring  (station  bO  to  98)  voltage 
at  /iny  IK  wire  (.see  Figure  38)  will  be  Vj^  + V^ 


Total  voltages,  including  joint  voltages  as  appropriate,  are 
given  in  Figure  25(c). 
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6,1.2  Intefnal  Loop  Voltages  Generated  by  Diffusion  Flux 

Internal  voltages  in  loops  are  induced  by  the  diffusion  flux, 
that  is,  flux  which  passes  through,  as  distinct  from  around,  a 
conductor.  To  estimate  internal  loop  voltages  the  field  pattern 
of  the  diffusing  flux  is  required  - this  is  shown  in  F igure  25(b). 
(also  obtaint'd  by  POTFNT) . For  this  calculation,  current  flow  is 
in  four  conducting  paths  only  ••  the  regions  of  graphite  build-up. 

The  flux  adopts  the  same  pattern  throughout  the  entire  dif- 
fusion process.  Flux  which  has  passed  through  a conductor  has  a 
rate  of  change  depending  on  that  conductor  material,  (thickness 
resistivity,  etc.)  and  cannot  change  ns  fast  as  the  external  flux. 
Voltages  of  a generally  similar  waveform  and  amplitude  as  the  skin 
Jp  voltages  will  be  generated  on  loops  (cf  Theorem  1 in  Appendix). 

Using  equation (Al3)in  the  appendix,  the  voltages  on  separate 
small  loops  can  be  calculated  by  a difference  technique.  That  is, 
the  loop  voltage  can  be  considered  to  be  the  difference  between 
two  loops,  each  comprising  one  longitudinal  arm  of  the  test  cir- 
cuit, and  a common  return  close  to  the  graphite  build-up. 

Thus,  voltages  on  the  8"  x 2"  loops  #1,  #2  and  #3  (see  Figure 
38)  are  calculated  by  the  difference  in  the  flux  nt  the  posi- 
tion of  longitudinal  wires  as  follows; 


Vloop  #1  4>\  - 02 

where  </».,  is  the  flux  at  the  graphite  surface  whore  is 
measured,  and  and  fluxes  linking  the  two 

longitudinal  sides  of  the  8”  long  loop;  ^ i being  the  closest 
to  the  graphite  panel.  Likewise  for  loop  #2,  the  voltage  is 
calculated  from  02  " 0j  and  so  on.  The  flux  values  from 
the  POTENT  tabialation  are; 


0, 

.5217 


.4677  .4167  .3733  .5558 


Example  Ciilculation  Loop  Using  the  predicted  panel  Jp  volt- 

age for  V;^  which  was  given  as  379V,  and  allowing  for  the  reduced 
length  of  the  loop  (8”  Instead  of  38"  used  for  calculating  Vf{^) , 
the  predicted  voltage  is 


V#1 


f.^1  " ^2.)  X VRx-S.- 
0s  38 


_.054 

.5555 


X 379  X 


7.75V 
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Similarly  Cor  loops  #2  and  #3: 

Vy^2  “ 7.3V 
Vy^3  - 6.2V 

A comparison  with  measured  data  lollowa  the  sections  on  predic- 
tions Cor  the  cockpit  and  the  aft  bay. 

6.2  PRIJDICTKD  RKSU1.TS : COCKPIT  ARliA- STATION  126-168 

Voltages  in  the  cockpit  area  will  be  induced  by  both  resistive/ 
diffusion  coupling  and  aperture  coupling.  The  two  mechanisms  are 
treated  separately,  but  in  any  general  case  instantaneous  voltages 
produced  by  the  two  mechanisms  can  be  added  algebraically  for  total 
voltage. 

6,2.1  Cockpit  IR  Voltages 

The  calculation  method  used  is  the  same  as  used  above  for  the 
F.K.B.;  and  Is  simplified  by  the  absence  of  removable  access  panels 
(Station  126  is  behind  the  lower  equipment  bay) . However,  the  many 
changes  of  skin  thickness  both  along  and  around  the  cockpit  make 
calculations  difficult.  The  strakes  further  complicate  the  problem 
since  they  are  different  material  and  different  thickness  (thermo- 
plastic resin  8-ply,  right*,  regular  resin.  16-ply,  left).  On  the 
cockpit  floor,  between  the  longeron,  10-ply  increasing  to  14-piy 
toward  the  back  is  used.  The  longerons  are.  covicentrutions  of  ()*■’ 
fiber,  Above  the,  longerons  up  to  the  waist  joint  is  10-ply, 
changing  to  6-pIy  up  to  the  canopy  f<lll  except  at  the  loft  sidi' 
ut  the  roar  (adjacent  to  the  gun  mitaxle)  where  it  is  LO-ply, 

Figure  26(a)  shows  the  external  surface  field  (calculated  by 
POTFNT)  thus  giving  the  surface  cvirrent  density  from  which  the 
voltage  drops  were  calculated.  Calculated  and  measured  values 
are  shown  in  Figure  28, 

6,2,2  Cockpit  Aperture  Fli;-.  induced  Voltages 

This  calculation  will  use  the  same  assumptions  for  a grapliite 
fuselagi'  us  for  metal;  that  is,  the  Initial  aperture  field  is  un- 
affected by  current  re-distribut'i  on.  This  has  been  demonstrated  to 
be  true  for  metul.  The  POTENT  calculation,  referred  to  in  the 
above  paragraph,  also  produced  the  flux  contours  ('field  linos') 
shown  in  Figure  26(b).  From  the  POTICNT  tabulation  which  produced 
Figure  26  (b)  , calculation  of  voltages  can  be  made  by  calculating 
M'q,*,  which  is  defined  in  the  Appendix,  equation  A2  in  terms  of  L' 
and  M.  M.jp  in  effect  is  the  fraction  of  the  total  flux  which 
couples  the  circuit  or  loop;  multiplied  by  L': 
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CALCULATED  VALUES  OF 
Hland  htnceJ)  IN  AMPS /m 
FOR  I«2U  kAmp 


FIELD  LINES  (Flux  Contours) 
AROUND  COCKPIT  AT 
STATION  150 

THIS  DEMONSTRATES  THE 
INTRUSION  OF  APERTURE 
FLUX  INTO  THE  COCKPIT 
(Goometry  itSlittplifiod) 


nation  150  - Calculated  Flux  and  H Values 


%F 


L'  X 0L_  H/m 

<?T 


9>i  “ flux  linking  loop  or  circuit 


l'  X 01  H/m 

-j- 


“ total  flux  between  fuselage 
and  return  conductors  ( 2 1 
weber  in  POiliKT  technique) 


In  any  circuit  of  arbitrary  length,  l/, 

^ X volts, 

dt 


X ii. 


Using  this  method,  the  calculated  voltage  for  a longitudinal  loop 
*Loop  1'  in  the  floor  of  the  cockpit  is  as  follows; 

/ m 36"  ■ ,91m,  vertical  wire  spacing  " 1,5"  (*3,810111), 

height  from  floor  ■ 2"  (-5,08cm),  From  tabulation 
01-  ,0124  «■  ,00654  (that  is,  difference  of  flux  at 
+ 3,5"  level  and  +2"  level). 

0,|,  - 1,  L'  - 0,172  uH/m  (see  para,  4,2,4),  and  di  « 


17.2  kA/ua, 


dt 


- 17.2  X 10^  X 0.172  x 10'^  x .91  x .00586 
= 15.8V 

Loop  2 has  the  same  orientation  and  dimensions  as  Loop  1 
but  is  raised  to  1A.5"  from  the  cockpit  floor.  By  a similar  cal- 
culation, using  the  appropriate  value  of  0 i 


V 


M 


27V 


Three  loops  t'/^I,  it’l,  and  #3  (shown  in  Figure  52)  were  situated 
along  the  cockpit  side  wall.  Voltages  were  also  calculated  by  a 
similar  technique  giving  2.7V,  3.0V  and  2.9V  respectively.  All 
aperture  flux  within  the  cockpit  is  transverse,  in  simple  theory, 
and  hence  the  predicted  voltage  in  loops  which  have  no  loop  area 
orthogonal  to  the  flux  direction  will  be  zero.  Figure  26(b) 
shows  the  direction  of  the  field  lines  across  the  cockpit. 

6.3  PREDICTED  RESULTS  AFT  BAYS -STATION  227-253 

Voltages  In  both  the  upper  (ammo  handling  bay)  and  aft  right 
hand  strake  bays  are  resistive/diffusion  voltages  only.  There- 
fore, the  prediction  technique  follows  that  used  in  the  F.E.B. 
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As  in  the  forward  bay  an  extra  potential  drop  caused  by  the  joint 
resistances  are  includc'd  since  both  panels  are  removable. 

6.3,1  IR  Voltages  In  Upper  Bay 

(See  Figure  27(a)  for  surface  fieJd)  Calculations  were  made 
for  thi‘  following  wirt'  numbers  (see  Figure  56). 


#1 

central 

#2 

7" 

off  center 

toward 

right 

n 

17" 

off  center 

towtird 

right 

The  bay  cover  panel  is  10-ply,  and  the  calculations  aie  made  on 
a 27"  length  to  compare  with  measurements.  J obtained  from  POTIiNT 
was  a.'i  follows: 


in 

J 

.3575 

3520 

3492 

Ampa/m 

V|^  (graphite  only) 

6‘- 

64 

62 

V 

Vj  (10nii2 

total  joint 
res  is  tance) 

30 

35 

35 

V 

V'I'OT'AL 

101 

99 

97 

V 

6.3.2  Loop 

VoliJiges 

in  Upper 

Bay 

i'wo  loops  are  calculated,  corresponding  to  the  measured  loops, 
#1  and  #2  of  F igure  58.  These  are  26"  long  centrally  placed,  8" 
down  and  15.5"  down  respectively  from  the  fop  graphite  panel.  The 
loop  calculation  assumes  that  the  loop  is  completed  by  running 
wires  across  to  the  metal  bulkheads  and  back  along  the  side  metal 
panel  as  shown  in  Figure  58.  As  before,  for  loop  calculations  in 
the  F.K.B., 

V,^  (loop)  - Vx  X 

^ Surface 
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and  are  obtained  from  the  tabulation  from  which  Figure 
27(b)  is  derived.  Figure  27(b)  shows  the  pattern  of  the  diffus- 
ing flux. 


. ^ 


For  loop  #1 

Vr  (loop)  =■  120  X .P.‘ - 90V 

^ 0.474 

For  loop  #2 

Vr  (loop)  ” 120  X 0.272  - 69V 

6.474 

The  total  measured  voltage,  metal  ring-to-metal  ring  was  used  for 
Vx* 

6,3.3  IR  Voltages  in  Aft  RH  Strake  Bay 

These  IR  voltages  were  calculated  as  in  paragraph  6.1.1  above. 
The  graphite  is  6-ply,  a 22"  (.56m)  measuring  length  is  used  and 
the  other  data  is  as  below: 


Circuit 

#4 

#5 

#6  (See  Figure  56 

Distance 

from 

Strake 

Edge 

22"  (.56m) 

15"(.38m) 

5^"  (0.14m) 

(and  iV'  from  strake 
metal ) 

J 

2860 

2780 

3450  Amps/m 

Vr 

69 

67 

83  Volts 

Vj  (10mi2 
total 
joint 

resistance) 

29 

29 

35  Volts 

Vt 

98 

96 

118  Volts 

6.4  COMPARISON  OF  CALCULATED  AND  MEASURED  DATA 
6.4.1  IR  Comparisons 

Figure  28  shows  a comparison  between  predicted  IR  voltages 
in  the  three  areas  te.sted.  Agreement  is  generally  very  good  with 
some  exceptions  as  discussed  below. 

58 


3740 


CALCULATED  PEAK  SURFACE 
FIELD  H tN  AMPS/m  FOR 
I MAX  •<  20  kAmps 


♦ AT  RETURN 
CONDUCTORS 
•»  1 


Figure  27  Station  237.5  - Surface  H Field  and  Diffusion  Flux 
Plots  Calculated  Using  Field  Mapping  Program 


CALCULATED  TOTAL  VOLTAGES 


A. 


Con!;isf.cnL  ugrutiwcuit  was  obtained  in  all  values;  the.  prodic- 
tions  are  within  107.  of  measured  values.  This  aKretnucnt  confirms 
the  choice  of  low  value  for  and  pi/j^^nfor  the  graphite  panels. 


l.\ . COCKIMT 

Because  of  the  complexity  of  the  cockpit  area  in  terms  of 
ply  thickness,  strake  geometry,  etc.,  the  predictions  were  not 
expected  to  he  a.s  reliable  us  In  the  I'.K.U..  The  simplest  geometry 
was  the.  cockpit  floor  where  agreement  was  adequate.  At  'waist' 
Level  inside,  b IV  was  calculated  compared  to  104V  (I.)  and  72V  (R) 
measured.  This  indicates  that  the  strakes  do  not  contribute  much 
to  the  fuselage  conductivity,  perhaps  because  of  inadequate  elec- 
trical bonding  (Mechanical  bonding  strength  is  not  being  ques- 
tioned. ) The  results  are  all  the  more  surprising  because  the 
thicker  strake  is  on  the  right  side  which  may  have  contributed  to 
the  lower  value  there  than  on  the  left.  The  voltages  higher  up 
the  side, toward  the  sill, are  in  somewhat  bettor  agreoment. 

C . AFT  RQUlPMf.NT  HAYR 

The  geometry  is  simpler  here,  except  for  possible  Influence  of 
the  metal  boundary  on  the  panel  around  its  entire  periphery.  On 
eomparlsun  of  the  voltages  shown  in  Figure  28 » the  upper  bay  mea- 
sured voltages  are  all  liigher,  and  the  RH  bay  voltages  lower,  than 
the  calculated  values,  Examination  of  data  and  the  test  system 
has  ruled  out  many  possible  .sovirces  of  error,  leaving  only  varia- 
tions of  J and  p as  likely  causes.  The  most  likely  cause  is  the 
'end  effect'  of  the  test  rig,  created  by  the  shape  of  return  con- 
ductor.s,  tlie  aluminum  extension  box  and  the  fuselage,  which  may 
have  tended  to  increase  current  centrally  at  the  expense  of  cur- 
rent in  the  strakes.  Also,  the  shape  of  the  rear  cockpit  fairing 
just  in  front  of  the  panel  may  have  increased  d too.  While  these 
arguments  are  speculative,  the  data  is  in  qualitative  support  of 
such  an  explanation. 

The  prediction  of  1I8V  at  IV  .from  the  metal  strake  is  in  any 
ease  not  a reasonable  prediction  since  current  flow  in  the  metal 
alongside  influences  and  reduces  the.  graphite  current. 

A significant  effect  can  be  seen  in  the  joint  voltage.s,  .see 
Table  8.  The  sum  of  the  two  joint  voltages  is  .3  of  the  graphite 
panel  voltage  Cor  the  RH  bay,  but  .62  for  the  upper  bay.  These 
figures  give  joint  reaistance.s  of  3.5m  12  and  6mi2  for  the  side  and 
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upper  panel  joints  respectively.  This  may  be  accounted  Cor  by 
the  presence  of  metal  inserts  in  the  graphite  for  the  screw  heads 
on  the  side  panel. 


6.4.2  Diffusion  Flux  Loop  Voltage  Comparison 


A.  F.H.H. 

Loops 

Calculated  V 

Measured  V 
(Figure  28) 

#1  V 

7.75 

7 

#2  1 Figure  38 

7.3 

6.5 

6.2 

5 

B.  Aft  Hay 

y>i  i 

1 Figure  56 

90 

85 

#2  ^ 

69 

51 

These  show  excellent  agreement  with  predictions. 

6,4.3  Aperture  Flux  Comparison  in  Cockpit 

Loops  Calculated  Voltage  Measured  Voltage 


36" 

on  floor 

1 See 

15.8 

12 

36" 

rais(!d  14.5"  | 

Para . 

1 6.2.2 

27 

H 

) 

2.7 

2.4 

ri 

j Figure  52 

3.0 

2.2 

y^3 

) 

2.9 

2.5 

These  results  also  show  good  agreement  and  indicate  that  the  as- 
sumption used  in  the  calculations  is  justified,  that  is,  the  aper- 
ture flux  in  a graphite  fuselage  cockpit  can  be  predicted  us  if 
the  fuselage  were  metal. 

6.4.4  General  Conclusions 

All  voltages  which  were  predicted  to  be  generated  by  resistive/ 
diffusion  coupling,  includes  the  measurements  in  the  F.K.U.,  IR 
voltages  in  the  cockpit  and  all  the  Aft  bay  circuits  did  in  fact 
produce  voltages  generally  similar  to  the  current  pulse.  IJiCfusion 
flux  gener.nted  loop  voltages  in  general  lack  the  extreme  L.l.  compo- 
nents since  they  must  show  a zero  crossing  and  polarity  reversal 
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to  conserve  the  total  quantity  of  flux  which  enters  anti  leaves 
the  loop.  However,  they  show  the  essential  features  of  the  current 
pulse  shape  anti  have  an  initial  rate  of  rise  similar  to  the  cur- 
rent pulse  anti  therefore  a similar  HF  spectrum.  This  can  be  seen 
by  comparing  the  spectrum  of  a diffusion  flux  gecieratod  voltage  on 
a loop  shown  in  Figure  44  with  the  current  pulse  spectrum  shown  in 
Figure  5. 

Conversely,  all  the  measured  aperture  flux  voltages  in  the 
cockpit  have  the  characteristic  di/dt  wave  shape  which  implies  a 
fast  rise  to  peak  voltage  at.  t “ 0+  and  u zero  crossing  at  approxi- 
mately Jus.  I)\Ae  to  the  effect  of  diffusion  flux,  the  zero  cross- 
ing in  Loop  1 test  in  the  cockpit  floor  occurred  early  because  a 
diffusion  flux  induced  voltage  subtracted  from  the  aperture  flux 
voltage . 
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The'  composiLo  forward  fuso.lage,  Figure  29,  vas  basically 
divided  into  throe  diiforent  test  areas;  forward  bay  area 
(stations  60  to  98),  cockpit  area  (stations  98  to  168),  and  the 
aft  section  (stations  168  to  253).  The  folloxt^ing  presentation 
of  data  will  be  sectioned  relative  to  these  areas  for  ease  of 
categorization.  Data  tables,  charts,  and  typical  oscillograms 
will  be  given  throughout  this  write-up  to  describe  fuselage  ro- 
sponse  to  the  lightning  current  pulse  and  to  illustrate  repre- 
sentative waveforms  measured  during  the  various  test  phases. 

Data  will  also  be  correlated  between  a severe  200kA  lightning 
strike  and  the  201<A  teat  current  pulse. 

7.1  DATA  m'lUPOLATlON  TO  200kAMPS 

Reference  1 defines  a severe  lightning  strike  as  having  a 
200kA  peak  amplitude  and  lOOkA/us  rate  of  rise  with  these  values 
being  exceeded  only  about  0,5  percent  of  the  time,  tSince  air- 
craft are  now  being  designed  to  withstand  this  level  of  current, 
teat  data  reported  herein  will  be  extrapolated  up  to  that  ampli- 
tude for  comparison.  T'wo  basic  extr'apolations  were  required  for 
data  measurements  because  of  different  coupling  mechanisms. 

These  extrapolations  correspond  either  to  current  amplitude,  or 
to  current  rate  of  rise,  di/dt.  Initially,  each  scaling  factor 
was  assumed  to  be  a linear  extrapolation  from  the  20kA- iVkA/usee 
current  waveform  to  a 200lcA-100kA/us  severe  lightning  strike  and 
was  defined  as  follows; 

Current  (I)  Scaling  Factor  “ 200kA  ■ 10 ;1 

20lo\ 

Current  Rate  of  Rise  (di/dt)  Scaling  Factor  “ lOOkA/UvSec 

17,  IkA/usec 

“ 5.85:1 

The  scaling  factor  applicable  to  particular  data  was  deter- 
mined by  an  analysis  of  the  test  circuit,  expected  response,  and 
shape  of  voltage  waveforms  measured  on  the  test  circuit. 

In  order  to  verify  applicability  of  linear  extrapolation 
between  different  current  and  di/dt  amplitudes,  a series  of  tests 
was  performed  at  varying  generator  outputs.  The  first  test  of 
the  scaling  verilication  series  was  relative  to  a voltage  drop 
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botwoon  two  poiv^ts  in  (he  fuselage.  In  the  forward  bay,  iiieasure- 
mentH  were  taken  between  the  nft/forwnrd  bulkheads  at  stations  98 
and  60.  Oscii lograms  taken  during  these  test.*-';  are  sliown  in  Figure 
30  for  input  current  amplitudes  of  20kA  and  lOkA.  The  peak  vol- 
tages show  a 2:1  ratio  for  the  corro.spondlng  2;  1 peak  current 
change . 

Another  similar  test  was  performed  on  the  cockpit  floor 
(center  line)  between  stations  130  and  168.  This  test  compared  the 
20kA  unipolar  pulse  to  a damped  oscillatory  current  at  48,7kA  peak 
amplitude  or  a 2.43:1  current  increase.  The  resultant  voltage 
drop  between  the  two  stations  at  peak  value.s  showed  a 2.33:1  in- 
crease in  voltage  amplitudes  which  is  in  close  agreement  to  the 
current  increase.  That  the  .scaling  is  indeed  current  scaling  is 
demonstrated  by  the  fact  that  the  measured  voltage  waveforms 
correspond  In  time  to  the  current  waveforms.  More  significantly, 
the  di/dt  for  the  20kA  unipolar  and  48.7kA  oscillatory  was  the  same. 
Had  the  induced  voltage  been  proportional  to  di/dt,  then  there 
would  not  have  been  a change  in  induced  levels. 

The  second  of  the  verification  serie.*}  dealt  with  di/dt 
scaling.  Duo  to  the  phy.sies  of  coupilng,  those  tests  must  be  per- 
formed in  an  area  where  the  primary  coupling  niechanisra  is  external 
flux.  The  area  chosen  was  in  the  center  of  the  cockpit.  A loop 
was  placed  8 inches  above,  the  cockpit  floor  and  the  generator  was 
modified  to  produce  high  current  damped  onctllatory  waveforms. 

Figure  31  shows  the  induced  voltages  In  the  loop  at  tliree  different 
current  levels  and  three  difforeitt  di/dt' s.  The  peak  currents  were 
31,2kA,  48.6kA,  and  72,9kA.  The  corresponding  di/dt's  were  8 . 9kA/us , 
13.1kA/u8,  and  19 . 4IcA/uh  , respectively. 

Since  the  di/dt  changes  from  pulse-to-pulse  at  the  same  rate 
as  I (l.e.  amplitude  change  at  a constant  frequency),  the  key  to 
determining  whether  the  induced  voltage  Is  proportional  to  I or 
di/dt  is  the  initial  waveshape.  A review  of  the  oscillograms  in 
Figure  31  shows  an  initial  value  at  t*=0+  which  follows  a di/dt 
coupled  waveform  rather  than  an  IR  induced  voltage  where  \/(0-l-)=0. 

Some  anomulics  do  exist  In  this  data,  Figure  31,  which  must 
be  accounted  for  in  order  to  validly  extrapolate  by  di/dt  ratios. 

The  time  from  initial  turn-on  to  first  zero-crossing  .should  ideally 
be  one-quarter  cycle  rather  than  the  much  shorter  time  duration.^ 
observed  in  the  three  oscillograms.  The  apparent  .shift  from  a 
cosine  wave  to  spike  at  t^O-F  is  due  to  an  additional  diffusion 
flux  component.  However,  an  extrapolation  value  is  based  on  the 
ratio  of  di/dt  components  at  different  generator  output.s  (e.g. 
ratio  of  peak  values  of  Figures  31a  to  time  corre.sponding  values 
of  Figure  31b) . Since  the  separate  ratios  of  external  or  diffu- 
sion flux  components  equal  a constant  (ratio  of  current  niupl itudos)  , 
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IR  drop  (Sta  98  to  60) 
measured  at  a 20kAmp  level. 

Vertical:  50  Volts/Div, 
Horizontal:  10  uaec/Div. 
(220  volt  peak  amplitude) 


IR  drop  (Sta  98  to  60) 
measured  at  a 10  kAmp  level. 

Vertical;  20  Volts/Div. 
Horizontal;  10  usec/Div, 
(110  volt  peak  amplitude) 


Figure  30  Linear  IR  Voltage  Waveforms  Taken 

in  the  Forward  Bay  at  20  kAmp  and  10  kAmp 
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A.  Loop  voltage  measured  at 
a 31.2  kAmp  level. 


Vertical;  2 Volta/Div. 
Horizontal:  20  usec/Div. 


B.  Loop  voltage  measured  at 
a 48,6  kAmp  level. 

Vertical;  1 Volt/Dlv, 
Horizontal;  20  usec/Dlv, 


C.  Loop  voltage  measured  at 
a 72.9  kAmp  level. 

Vertical;  1 Volt/Dlv. 
Horizontal;  20  usec/Dlv, 


Lon  Measured  in  the  Cockpit  at 
itory  Levels. 


the  rni  lo  of  the  sum  of  external  plus  diffusion  flux  components 
yields  a simple  algebraic  relationship  equal  to  the  same  constant 
current  ratio. 

The  ratio  of  peak  values  between  the  di/dt  waveforms  of 
Figure  ,31  should  thus  equal  the  change  in  generator  output.  Wlien 
comparing  31(a)  to  31(b),  the  voltage  ratios  from  the  first  six 
peak  amplitudes  yield  an  average  value  of  l..‘38:l  which  corresponds 
to  the  source  di/dt  ratio  of  1.56:1  (also  equal  to  the  ratio  of 
current  amplitudes  for  constant  frequency  or  48 . 6kA/31 . 2kA“l . 56) . 

The  next  comparison,  six  peak  values  from  31(b)  and  31(c),  gives 
a ratio  of  approximately  2.7:1  while  the  source  di/dt  ratio  comes 
to  1.5  (72.9kA/48.6kA) . 

As  can  be  seen,  the  linearity  of  scaling  did  not  hold  through 
the  72 , 9kA/ 19 , 4kA  per  usee,  pulse.  The  induced  level  is  1.8  times 
higher  (2. 7/1.5)  than  would  be  predicted  from  either  I or  di/dt 
scaling,  thereby  indicating  some  parameter  change,  It  was  during 
this  higher  current  (i.e.,  72.9kA)  level  that  arcing  was  first  ob- 
served along  the  Joints  of  the  metal  canopy  interface  (the  inter- 
face is  not  a continuous  piece  of  metal  structure).  It  is  suggest- 
ed that  the  non-linear  scaling  condition  is  due  to  the  arcing.  The 
arcing  in  effect  creates  a lower  impedance  path  in  the  area  around 
the  top  of  the  canopy,  and  this  in  turn  allows  greater  current  den- 
sities to  exist  near  the  top  of  the  cockpit  area.  Additionally, 
the  arcing  mechanism  may  tend  to  alter  local  di/dt  conditions  at 
the.  canopy  Interface. 

This  test  points  out  an  important  aspect  of  scaling,  parti- 
cularly in  graphite/nietal  fuselages.  Assumption  of  linear  scaling 
in  areas  where  arcing  can  occur  may  result  in  errors  when  extra- 
polated to  hJ.gh  levels. 

From  the  above  test  data,  we  feel  the  cockpit  di/dt  scaling 
factor  should  be  10.5  (5.85  x 1.8)  rather  than  the  5,85  which  will 
be  used  in  fuselage  areas  other  than  the  cockpit.  The  effect  of 
this  arcing  on  current  amplitude  related  measurements  is  not  known 
and  we  estimate  voltage  drops  between  points  on  the  cockpit  wall 
can  be  either  lower  or  higher  than  actual  data  taken  at  20kA . How- 
ever, we  will  assume  the  10:1  extrapolation  because  of  lack  of  data. 

7.2  FORWARD  BAY 

The  forward  bay  area  afforded  the  best  closed  area  in  the 
fuselage  as  there  exists  a minimum  number  of  apertures  and  no 
metallic  ribs  except  for  the  ring  members  at  the  front  and  aft 
bulkheads  (st  atiems  60  and  98) . This  configuration  represented 
an  ideally  controllable  test  area  which  was  approximately  cylin- 
drical in  shape,  closed  in  all  planes  or  open  via  small  apertures, 
and  comprised  of  all  composite  side  walls.  The  aft  bulkheads 
(.station  98)  was  also  composite  with  small  apertures  located  in 
various  positions  (cable  feed-thru  poini.'i)  while  the  forward 
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bulkhead  (radome  interface)  was  sealed  off  with  aluminum  foil  in 
order  to  provide  u completely  closed  area.  By  adding  or  sub- 
tracting apertures,  open  or  closed  sections,  internal  racks/ 
equipment,  etc.,  we  were  able  to  obtain  specific  changes  in 
current  and  flux  patterns  in  the  buy.  In  this  manner,  we  have 
been  able  to  study  the-  characteristics  and  responses  of  a 
closed  composite  fuselage  section  to  lightning  currents. 


7.2.1  Basic  Test  Data 

IVo  basic  test  circuits  have  been  used  to  define  primary 
electromagnetic  rules  associated  with  composites.  Thu  first  of 
these  circuits  was  a wire  loop  for  measuring  magnetic  flux  pene- 
tration into  the  bay.  By  varying  loop  cross-sectional  area  and 
orientation  relative  to  the  fuselage  axes,  we  obtained  field 
patterns  and  field  strengths  that  will  be  applicable  to  defining 
ex^josurc'  levels  to  internal  aircraft  equipment  and  cables.  A 
typical  example  of  this  type  of  experiment  can  be  described  in 
the  following  test.  Magnetic  flux  coupling  by  a small  aperture 
situated  in  the  fuselage  surface  can  be  illustrated  from  the 
experiment  performed  in  Figure  32.  An  access  port  (4.5  X 3.25 
inches)  was  located  on  the  left  hand  side  of  the  forward  bay 
starting  at  station  92.73.  Measurement  of  the  magnetic  flux 
density  was  made  with  a singli’  wire  loop  (3  X 7/B  inches) 
which  was  positioned  at  various  depths  into  the  bay.  A 50  ohm 
coaxial  cable  was  used  as  the  instrumentation  lead  to  the 
oscilloscope  where  scope  polarity  is  indicated  by  the  (+)  iind 
(-)  markings  on  the  loop.  A typical  oscillogram  which  was  taken 
during  those  tests  is  shown  in  Figure  33  when  the  loop  was  at 
position  #3.  The  voltage  wavefonii  is  described  by  Amperes'  flux 
coupling  law  and  is  directly  portional  to  the  ra te- of -change  of 
magnetic  flux  density  normal  to  the  plane  the  loop  bounds,  A 
time  integration  of  the  loop  voltage,  Figure  34,  could  then  be 
scaled  to  Webers/square  meter  by  a (1/loop  urea)  factor  (see 
equation  7).  Table  2 is  a list  of  peak  loop  voltages  and  peak 
flux  densities  obtained  from  the  night  loops  with  the  voltage 
xero-crossover  time  equal  to  the  time- to-peak  of  the  flux 
density. 

Results  show  that  the  external  field  penetration  into  the 
aperture  is  only  predoniimint  at  a distance  of  two  inches  into 
ui\e  bay  or  less  than  oxie  maximum  aperture  dimension.  As  we 
increase  distance  into  the  bay,  the  diffusion  flux  becomes  the 
greater  coupling  vector  which  resulted  in  the  increase  In  the 
xero-crossover  times  shown.  From  loop  #2  to  #5,  this  time  varies 
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from  values  close  to  the  current  source  peak  time,  3.2  usee.,  to 
diffusion  flux  peaks  at  approximately  6 usee.  Alternately,  when 
the  loop  is  one  maximum  aperture  dimension  inside  the  structure, 
there  is  no  external  flux  coupling  to  the  loop. 

A calculation  of  external  flux  density  at  station  94,  had 
the  aperture  not  been  there,  also  yielded  a peak  flux  density 
of  10.5  X 10“^  W/m  and  Is  about  twice  the  density  measured  on 
loop  #2.  This  phenomenon  la  a basic  property  of  small  apertures 
in  metal  structures  where  the  flux  density  in  the  opening  can  be 
approximated  by  ore-half  the  density  without  the  aperture.  This 
rule  of  thumb  can  also  be  applied  to  composites  with  values  only 
being  slightly  smaller  because  diffusion  flux  addition  is  not 
accounted  for.  However,  this  error  will  be  small  as  shown  by 
the  previous  data. 

The  second  basic  test  circuit  measured  IR  drops  acri  ‘'S 
different  sections  of  the  forward  bay.  The  test  technique  was 
to  connect  the  RG-22  instrumentation  to  different  points  along 
the  fuselage  and  measure  the  differential  voltage  developed 
across  two  50  ohm  resistors  In  a 10:1  divider,  Because  these 
tests  were  constructed  for  measurements  of  IR  drops,  care  was 
taken  to  assure  that  wire  routing  would  not  produce  loops  which 
could  couple  spurious  flux. 

One  area  of  major  emphasis  in  taking  IR  data  was  determina- 
tion of  the  effects  of  metal  straps  in  reducing  voltage  poten- 
tials between  two  points.  An  example  of  this  type  of  test  is 
illustrated  in  Figure  35.  The  IR  drop  was  measured  between 
stations  60  and  98  with  the  potential  sense  wire  to  station  60 
routed  on  the  lower  left  flange  (longeron)  which  is  constructed 
of  twenty- two  ply  composite  and  interfaces  with  the  side  access 
doors.  The  wire  was  routed  on  the  flange  in  order  to  eliminate 
flux  coupling  and  was  ret\xrned  to  the  scope  along  with  the  po- 
tential sense  wire  at  station  98  on  the  RG-22  setup  (with  10 ;1 
divider).  Four  different  tests,  A,  B,  C and  1),  were  conducted 
with  a varying  number  of  alutninura  straps  (flashings)  which  were 
run  between  stations  60  and  98,  Table  3 lists  peak  voltages  and 
typical  voltage  waveforms  are  shown  in  Figures  36  and  37. 


Results  show  that  a potential  of  220  volts  peak,  Test  D, 
was  developed  with  no  flashings  but  a 4.57o  drop  to  120  volts. 

Test  C,  was  achieved  by  having  one  flashing  routed  between  the 
two  tie-down  points.  Tests  A and  B show  that  the  major  percentage 
drop  achieved  in  Test  C was  not  Improved  upon  significantly 
(approximately  9%  morcj  drop)  by  having  the  flashings  installed  in 
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Tabic  3 VOLTAGE  MEASUREMENTS  IN  THE  FORWARD  BAY 
WITH/ WITHOUT  METAL  FLASHINGS 


INSTM-LKD 


MtASUKED 


PFAK 


EXTRAPOLATION 


TEST 

FLASHINGS 

Tnnrr 

"74 

POINTS 

STA  to  3TA 

VOLTAGE 

(Volta) 

& 200  kAmps 
(Volta) 

COMMENTS 

A 

Al 

Al 

Al 

Al 

60-98 

112 

1120 

Al  Flashing  inatalleO 
with  plain  Borcwa, 

A 

Al 

Al 

Al 

Al 

60-253 

308 

3080 

Al  Flaahlng  Inatallud 
with  plain  acrnws. 

A 

Al 

Al 

Al 

Al 

60-98 

98 

980 

Al  Flaahlng  #1  Inatnlled 
with  taper  plna. 

A 

^Al 

Al 

Al 

Al 

60-98 

162 

1620 

Al  Flashing  #I  only  a 
hall  strip  (ata  77-98), 

B 

- 

Al 

Al 

Al 

60-98 

211 

2110 

C 

Al 

- 

- 

- 

60-98 

120 

1200 

C 

Al 

- 

- 

- 

98-253 

250 

2500 

D 

- 

- 

- 

- 

60-98 

220 

2200 

D 

- 

- 

■ 

- 

98-253 

242 

2420 

D 

- 

- 

- 

- 

60-98 

110 

1100 

to  kAmp  current  aourco. 

U 

- 

- 

- 

- 

98-253 

123 

1230 

10  kAnp  current  anurco. 

K 

Tl 

- 

- 

- 

60-98 

186 

1880 

Titanium  Flaahlng. 

E 

Tl 

- 

- 

- 

98-253 

282 

2820 

Titanium  Flaahlng. 

1*  nwBurQnieMV.o  mu  civ  v|i 4. 

2.  Fl«8hlngt  «re  23  rail  thlck/1  Inch  8ilde/38  Inch  long  atrlpi. 
Equivalent  Reals tancct  Mumlnun  (Al)  ■1.6  mllli-ohms. 

Titanium  (Tl)  ■ 30  »llll-ohn»a. 
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Differential  voltage  between  B.  Differential  voltage  between 

station  60  (+)  to  98  (-).  station  60  (+)  to  98  (-). 

a 4 A1  Flashings  Installed.  a.  3 Al  Flashings  installed 
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Figure  36  Oscillograms  From  IR  Tests  (A,B)  in  the  Forward  Bay 


positions  2,  3 and  4.  Tests  of  this  nature  vere  conducted  to 
determine  IR  reductions  from  metallic  straps  in  different 
positions  along  the  fuselage  or  wire  routes  between  equipment 
in  order  to  obtain  overall  guidelines  for  protection  against  IR 
drops  that  would  affect  aircraft  avionic  performance. 

Another  similar  test  Involved  the  effects  of  metal  straps 
on  both  IR  drops  and  flux  density  along  the  right  access  panels 
as  Illustrated  in  Figure  38.  The  entire  forward  bay  was  cleared 
of  unwanted  wires  and  equipment  racks  to  eliminate  current  paths 
other  than  the  composite  structure.  Voltage  drop  measurements 
were  made  between  stations  60  and  96  at  five  different  points 
(wire  numbers  1>5).  In  the  test  setup,  holes  were  drilled  through 
the  fiberglass  ribs  along  Che  panel  such  that  wires  could  be 
routed  to  station  60  with  no  unwanted  loops  which  would  have 
otherwise  coupled  spurious  flux.  Reference  points  for  the  IR 
measurement  were  the  two  metal  ring  members  at  stations  60  and 
98  with  the  station  98  reference  being  a single  point  at  the  wire 
#3  position.  Three  2X4  inch  loops  (one  after  the  other)  were 
also  installed  perpendicular  Co  Che  panel  with  the  first  loop 
being  1.25  inches  from  the  wall  and  center  opposite  to  IR  wire 

when  metal  straps  were  Installed  between  stations  60  and  98, 
they  were  tied  to  the  metal  ring  members,  routed  along  IR  wire  #3 
and  placed  through  drilled  slots  in  the  fiberglass  ribs  similar 
to  the  IR  wire  routing.  All  flux  and  IR  measurements  were  made 
with  the  RG-22  cable  instrumentation  setup. 

A typical  oscillogram  from  Che  IR  measurements  is  shown 
in  Figure  39.  This  voltage  was  measured  along  wire  position  #3 
and  was  taken  when  no  straps  were  installed  along  the  panel. 


Voltage  Drop  Between  Sta  98 
to  Sta  60 , 

Vertical:  lOOV/Div. 
Horizontal:  2 usec/Div. 
(Peak  Amplitude  » 438  Volts) 


Figure  39  Voltage  Drop  Along  Wire  Position  #3 


Figure  40  is  a compilation  of  the  peak  voltage  drops  along 
all  wire  positions  with  and  without  grounding  straps. 

Table  4 is  a list  of  the  types  of  metal  straps  used  during  these 
measurements  and  defines  the  appropriate  point  markers  used  in 
Figure  40.  (Note  that  the  dashed  lines  in  the  figure  are  an 
approximation  of  what  we  felt  the  voltage  drops  would  look  like 


TABLE  4:  METAL  STRAPS /RES  IS  TANGE  AND  SYMBOLS  FOR  GRAPHS 


SYMBOL 

METAL  STRAP  SIZE 

RESISTANCE 

(Milli-Ohms) 

O 

No  Strap 

N/A 

A 

38"  X 24  AWG  Wire 

85 

X 

38"  X 1"  X .6  MIL  Strip 

6.5 

0 

38"  X 1"  X 25  MIL  Strip 

1.6 

0 

38"  X 2"  X 25  MIL  Strip 

0.8 

as  one  approached  position  3 from  wire  routes  2 and  4,  respec- 
tively. ) 

Results  show  that  the  voltage  drop  along  wire  position  #3 
dropped  from  the  400  volt  level  to  the  50  volt  range  (an  88% 
drop)  with  alirainum  straps  installed  in  that  position.  However, 
the  voltages  measured  at  the  other  positions  (1,  2,  4,  5)  were 
only  slightly  affected  by  the  straps.  The  average  circumferen- 
tial distance  between  reference  points  at  station  60  was  approxi- 
mately 3 inches  which  illustrates  the  fact  that  substantial  drops 
in  peak  voltages  between  two  points  is  obtained  only  with  a strap 
tied  between  those  two  points.  This  fact  is  also  in  coincidence 
with  the  previously  described  experiment  where  the  IR  drop  across 
flange  #1  was  only  affected  by  a metal  flashing  at  that  position. 

The  effect  of  the  straps  on  magnetic  flux  density  was 
determined  from  voltages  measured  across  the  three  loops  in 
Figure  38,  Peak  magnetic  flux  densities  were  obtained  by  time 
Integrations  of  the  loop  voltages  in  accordance  with  Amperes' 

Law,  The  basic  conversion  equation  was 


82 


markers  are  described  i 


Right  Access  panel 


where,  llil  =■  Magnetic  flux  density  (W/m  ) (7) 

A - Loop  area 


Figure  41  is  a plot  of  peak  flux  densities  from  all  three 
loops  and  Figures  42  and  43  are  oscillograms  of  loop  #1  voltages 
which  shows  waveshape  variation  for  all  test  setups.  Figure  42A 
is  the  diffusion  flux  into  the  forward  bay  and  is  the  same  wave- 
shape  measured  from  loops  #2  and  yA3  except  for  decreasing  ampli- 
tudes (i.e,,  loop  #3  has  a peak  value  of  5 volts).  The  result 
of  adding  metal  straps  along  the  wire  #3  position  was  to  intro- 
duce a lower  resistance  path  in  the  right  access  door.  This 
alterc  current  distribution  in  that  area  and  consequently 
changes  the  diffusion  flux  pattern  as  detected  by  the  loops. 

By  injecting  a higher  current  down  a strap,  the  resultant  flux 
vector  and  thus  loop  voltage  reverses  direction  from  voltage  A 
(Figure  42A)  to  that  of  voltages  C,  D and  E,  By  adding  a 24  AWG 
wire  which  has  a higher  resistance  than  the  metal  straps,  the 
current  down  the  wire  is  smaller  such  that  wo  observe  an  inter- 
mediate offset  (Figure  42B),  The  voltages  arc  due  to  usual 
diffusion  flux  and  an  oppositely  directed  flux  vector  from  the 
wire  which  subtracts  from  each  other  to  yield  a voltage  B wave- 
form, This  can  be  seen  by  a voltage  G type  wave  plus  a voltage 
A wave.  As  we  moved  away  frora  the  straps  to  loops  #2  and  #3, 
the  magnitude  of  the  flux  frora  current  in  the  straps  decreases 
by  an  Inverse  distance  factor.  This  effect  tt>iulted  in  wave- 
forms between  voltage  B and  C with  loop  #2  following  voltage  B 
to  a greater  extent  than  loop  #3, 

A Fourier  transform  plot  was  made  of  the  loop  #1  voltage 
(Figure  42A)  and  is  shown  in  Figure  44.  This  plot  was  obtained 
by  a computer  digitization  of  the  waveshape  and  performing  a 
Fourier  integration  frora  these  points.  It  should  be  noted  that 
variations  in  the  high  frequency  region  of  the  plot  were  a re- 
sult of  the  digitizer  limitations.  The  straight  line  drawn 
through  that  region  is  an  approximation  of  what  the  plot  should 
look  like  had  the  digitizer  been  more  accurate  (i.e.,  point 
readout  was  limited  to  'f.Ol  Inches  on  the  oscillogram).  The 
important  fact  of  this  plot  is  that  it  essentially  follows  the 
frequency  spectrum  of  the  current  waveform.  Figure  5,  except  for 
a deficiency  of  low  frequency  components.  This  data  was  treated 
in  more  detail  in  Section  6, 
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Polnc  Dtrlceri  «ra  daacrlbad  Ln  Table  4 


LOOP  NUMBER 


Figure  41  Flux  Density  Calculations  From  Three  (2x4  inch)  Loops 
in  the  Forward  Bay 


Klgutr  AZ  l,oop  //I,  Moasurenu' 

iiay  Kij-AiL  Panel 


8b 


1 


. Loop  voltage  with  no 
metal  straps. 

Vertical:  5 Volts/Div. 
Horizontal;  5 usec/Div, 


. Loop  voltage  with  24 
AWG  wire. 

Vertical:  5 Volts/Div, 
Horizontal;  2 usec/Div. 


Loop  voltage  with 
25  niil/l’*  wide  A1  strap. 
Vertical;  5 Volts/Div, 
Horizontal;  2 usec/Div. 


•1 

J 

5 

'! 

5 


s Taken  Along  the'  Forward 


I 


I 


Loop  voltage  with 
25  mll/2"  wide  A1  strip. 
Vertical:  5 Volts/Div. 
Horizontal:  2 usec/Div. 


\ 


\ 

I 


B 


K.  Loop  voltage  with 

0,6  mil/1"  wide  A1  strip. 
Vertical;  5 Volts/Div. 
Horizontal:  2 usec/Div. 


I'^gure  43  l.oop  #1  Voltage  Measurements  Taken  Along  the 
I'orward  Hay  Right  Panel 
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7.2.2 


Special  Testa 


Final  testing  in  the  forward  bay  centered  around  the 
induced  effects  on  coaxial  cables  and  tvisted  pair  transmission 
lines.  Tests  'were  designed  to  study  coupling  mechanisms  and 
relative  amplitudes  In  the  low  and  high  frequency  ranges.  When 
high  frequency  components  wore  detected,  a fiber  optic  instru- 
mentation link  was  used  in  order  to  read  low  signal  levels  in 
the  presence  of  high  common-mode  signals.  It  should  be  noted 
that  extensive  testing  was  not  accomplished  in  all  areas  because 
of  test  time  limitations.  However,  those  tests  which  were  per- 
formed in  the  forward  bay  were  specially  selected  to  provide 
general  information  concerning  equipment  interfaces.  Coaxial 
cable  data  will  be  presented  first  with  twisted  pair  testing 
iraraediatoly  following. 

7, 2. 2,1  Coaxial  Cable  Teat  Data 

A comparative  study  was  performed  between  an  unshielded 
single  wire  and  a coaxial  cable  (typo  RG-58)  as  shown  in  Figure 
45.  Table  5 is  a Hat  of  data  obtained  from  those  tests  and  is 
subdivided  between  shtclded/unshielded  circuits  and  different  load 
terminations,  R,  , Peak  voltages  which  were  measured  across  the 
instrumentation  load,  Rp,  are  provided  in  terras  of  equivalent 
current  at  the  instrumentation  input  (i.e.,  Vo/kp).  Cablc/wlre 
routing  was  directly  atop  the  bottom  loft  flange  (composite) 
except  for  Tests  11  through  13,  Ground  points  for  shield  and 
load  terminations  were  the  metul  ring  members  at  stations  60  and 
98.  Shields  were  grounded  at  both  ends  unless  specified. 

Tests  1 through  6 provided  a basic  iiislght  into  the 
different  coupling  mechanisms  which  result  from  the  flux  and 
current  patterns  in  the  forward  bay.  When  we  were  dealing  with 
an  unshielded  wire,  having  forward  and  aft  loading,  there  existed 
three  forms  of  coupling  in  the  line.  The  first  of  these  was  un 
injected  diffusion  current,  IR,  at  station  60  which  resulted  from 
the  simple  parallel  combination  of  resistance;  i.e. , the  line 
load  (R|  + R|,)  in  parallel  with  the  composite  flange  resistance 
(R,).  by  varying  the  line  load,  we  changed  the  amount  of  line 
current  by  an  R(;/  (R^.  + R,  + Rj,)  factor  or  — Rf-/(R(^  + Rj,) 
knowing  that  R^;<<(RI,  + Rd)  • (It  should  be  noted  that  this 
resistance  ratio  is  on  the  order  of  10"^  such  that  any  current 
drawn  into  the  line  would  have  a negligible  effect  on  current 
In  the  flange.) 
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The  second  item  was  diffusion  flux  coupling  through  the 
loop  formed  between  the  line  and  flange  surface.  The  flux 
coupled  current  in  the  line  should  be  constant  assuming 
constant  loop  area;  however,  the  emf  measured  across  will 
be  a fraction  of  the  total  loop  etnf  by  R,3/(R„+R0.  The 
final  coupling  mechanism  is  with  respect  to  the  distributed 
capacitance  between  the  line  and  flange.  The  load  resistor,  Rj , 
plays  an  important  role  in  this  effect  such  that  the  degree  of 
capacitive  coupling  will  depend  on  its  value.  The  resistance 
can  shunt  out  the  capacitance  (Rj^  ■ 0)  or  increase  upward 
until  an  open  circuit  is  approached,  yielding  a maximum  capaci- 
tive admittance.  The  voltage  source  as  seen  by  this  distri- 
buted capacitance  will  be  the  IR  voltage  down  the  flange.  The 
following  test  results  will  illustrate  these  overall  effects. 

Coaxial  cable  results  of  Tests  4,  3 and  6 will  be 
presented  first  since  diffusion  flux  coupling  to  the  center 
line  is  shielded  out  by  the  cable  shield.  In  Test  4,  the 
shorted  load,  Rj,  - 0,  in  essence,  shunted  out  the  capacitive 
effect  on  the  line.  The  measured  voltage  across  the  Instrumen- 
tation load,  15  volts  peak,  is  thus  an  accurate  measure  of  the 
voltage  drop  between  stations  60  and  98  at  the  flange,  Wheii 
the  flange  is  paralleled  with  the  coax  shield,  the  addition  of 
the  low  resistance  cable  shield  shows  a similar  effect,  as  seen 
in  previous  tests,  when  metal  strips  wore  installed  between 
two  points. 

When  resistance,  R^,  was  added  to  the  line,  Tests  5 and  6, 
we  start  introducing  line  capacitance.  Because  the  resistive 
voltage  drop  between  stations  60  and  98  was  only  15  volts,  the 
difference  in  capacitance  effects  with  the  100  olun  and  10  k-ohm 
loading  should  be  small.  We  can  thus  assume  that  any  current 
component  through  Rp  as  a result  of  distributed  capacitance  is 
a constant.  Equations  describing  the  voltage  drop,  V^,  , across 
at  6 usoconds  are  as  follows; 


97  (IrI  + Ic  ) 

" 8.15  vol  ts 

(8) 

33.3  (I{^2  ■+'  ) 

■ 0.175  volts 

(9) 

^R1/Ir2 

- 10033.3/197  volts 

(10) 
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vhere,  1q  » Capacitive  Conponent  In  Rq 

Ir  « Line  Resistance  Component 
(Rj^  + Rq)  >>  Shield  Resistance 

Solving  these  equations  for  yields; 


- 3.7 

mA 

^R1 

- 80.3 

mA 

^R2 

- 1,56 

mA 

Vr 

- Ir(Rl 

+ Rd) 

- 15.8  volts  (197a) 

- 15.6  volts  (10033.3  a) 


These  values,  Vn , are  the  equivalent  drops  across  the 
line  minus  the  capacitive  voltage  across  Rq.  We  thus  see  that 
these  values  are  In  close  agreement  with  the  15  volts  in  Test  4 
at  6 us  and,  asstunlng  a constant  In  is  a good  approxima- 
tion. Figure  46  shows  a typical  voltage  waveform  which  was 
measured  during  Test  5.  Note  that  the  scale  for  46  lIHz  was  at 
86.6  V/Div.  or  x4  which  Is  due  to  the  fiber  optic  loss  In  that 
frequency  range  (50  MHz).  The  expanded  photo  shows  little  or 
no  46  MHz  component  except  for  the  fiber  optic  receiver  noise 
which  is  barely  detectable.  At  the  low  frequency  voltage  levels 
tlrat  were  measured,  HF  levels  were  so  much  lower  we  cannot 
accurately  make  any  statement  from  this  data. 

When  a single  wire  (unshielded)  was  tested,  tests  1,  2 and 
3,  all  three  coupling  mechanisms  come  into  play  with  diffusion 
flux  being  the  extra  component  from  the  shielded  case.  However, 
we  are  now  dealing  with  IR  voltages  down  the  flange  which  are 
In  the  100  to  200  volt  range.  These  amplitudes  mean  that  we  can 
no  longer  assume  a constant  capacitive  effect  on  Rp  and,  there- 
fore, end  up  with  more  variables  than  equations.  At  any  single 
time  in  a voltage  plot,  our  basic  equation  for  Vo  becomes: 
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are  46  Test  5 Cojuclal  Cable  (Shielded)  Voltage  in  the  Forward  Bay 
(Fiber  Optic  Ins cruiseaca Cion) 


V 


(> 


Hu 

(k„  + k,,) 


Vomf  Hole: 


'I'hc'  only  variable  v/hich  wo  can  assume  constant  Is  the 
total  loop  voltage,  Voiuf>  constant  loop  areas.  Figure  47 
is  the  voltage  measured  across  Rq  during  test  2,  We  again  see 
in  this  photo  that  IIF  components  are  much  lower  than  LF  com- 
ponents. 


In  order  to  observe  capacitive  and  Iff  effects  more 
clearly,  we  performed  tests  7 thru  10  with  an  open  circuit  at 
station  60,  As  expected,  the  distributed  capacitance  results 
in  a dV/dt  waveshape  due  to  the  IR  drop  down  the  flange. 

Figure  48  is  the  voltage  measured  across  a 50Q  resistor  in  the 
fiber  optic  transmitter  line  (another  50Q  resistor  in  series 
with  this  resistor  yielded  R|)  ■ lOQQ),  Since  we  are  dealing 
with  capacitive  coupling,  the  dV/dt  coupling  (constant  current) 
should  remain  the  same  regardless  of  the  Rjj  value.  This  fact 
was  shown  in  test  7 with  Ku  raised  to  l,Ik  ohms.  The  voltage 
measured  across  the  same  50  olun  rciilstor  as  in  test  8 yielded 
an  identical  voltage  as  in  Figure  48A  or  constant  current.  The 
HF  voltages  shown  in  Figure  48B  have  the  46  MHz  component  super- 
imposed on  a much  smaller  14  I-IHz  component.  The  equivalent  test 
circuit  is  a parallel  RC  combination  which  would  behave  as  a high 
pass  filter.  Wo  calculated  the  total  capacitance  between  the 
line  and  the  flange  to  be  about  41  pico-farads.  Therefore, 
the  high  pass  frequency  transfer  function  of  a 41  pico- farad 
capacitor  has  a 3 dB  point  with  100  ohms  at  40  MHz  and  33  MHz 
with  1100  olims.  We  see  the  14  MHz  and  46  MHz  components  with 
this  type  spectral  response,  but  the  transfer  loss,  as  measured 
across  the  50  ohms  scope  input,  is  much  less  with  100  ohms 
than  with  1100  ohms.  The  expanded  photo  from  test  7 (1100  ohms) 
did  indeed  show  the  46  MHz  component  to  be  smaller  by  about  1:5 
from  Figure  48B,  The  14  MHz  component  in  both  cases  were 
practically  the  same  as  would  be  expected.  As  an  alternate 
check,  the  magnitude  of  the  displacement  current  (capacitance) 
can  be  roughly  calculated  by  multiplying  the  Initial  rate-o£- 
change  of  the  voltage  measured  along  the  flaiige  by  the  distri- 
buted capacitance  (41  uuf) , This  gives  a current  of  approxi- 
mately 1,5  mA  as  coii^ared  to  the  1,7  calculated  from  the 
voltage  measured  at  the  scope. 

The  final  testing  in  this  area  was  performed  with  a 
coaxial  cable  that  was  open  circuit  at  station  60,  Test  9 
resulted  in  capacitive  effects  being  eliminated  and  subsequently 
no  LF  or  HF  components  through  R,^.  By  ungrounding  the  shield  at 
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48  Voltage  Measured  From  Test  9 (Open  Circuit)  Across  50  Q 
(Fiber  Optic  Instrumentation) 


Lhi'  ilorwaril  t'nd,  mo  did  st'o  a vtn*y  snmll  signal  injccuiou  but 
I’l'lL.  lIiIh  was  a ri'sulL  oi  bringing  oL’l't'cts  at  Lhi'  open  cnid  oi 
llu'  cabli'  which  was  oxijosod  (l.o. , cho  cubic  was  simply  cut  ut 
that  I'tid  and  not  covered  over).  The  important  result  o£  the 
open  circuit  U'Sting  was  a dtnuonstration  of  capacitive  coupling 
to  a line  internal  to  the  I'liselage  and  how  this  effect  can 
couple  111'’  connionents. 

In  summary,  the  in.^*  effects  soon  can  be  qualitatively 
evaluated  but  the  data  we  ubtuined  is  only  cursory.  However, 
in  observing  the  overall  effects,  the  magnitude  of  the  HF 
levels  is  so  low  compared  to  other  (LF)  levels  as  to  indicate 
a minimal  111'*  problem. 

1,1, 1.2  'I’wisied  Pair  Data 

Tests  on  shieldod/unshie.ldod  twisted  pairs  were  primarily 
conducted  in  the  forward  bay.  Lines  were  run  between  stations 
60  anil  98  with  .instrumentation  connected  at  the  back  end 
(station  98),  Loading  was  normally  100  olims  across  both  ends 
of  the  line.  Original  te8(;lng  was  perfonwed  with  the  KG-22 
cable  but  Initliil  results  indicated  the  measured  signals  were 
mostly  due  to  spurious  noise  and  loop  pickup  at  the  twisted 
pair/ins trtuuentatibn  interface.  We  then  switched  over  to  the 
fiber  optic  system  which  greatly  itui^roved  this  condition  and 
found  our  induced  signals  to  be  loss  than  1 volt  peak.  However, 
a simulation  of  the  snuiil  loops  formed  by  interfacing  the 
twisted  pair  to  the  fiber  optic  transmitter  showed  diffusion 
flux  coupling  that  was  similar  to  a majority  of  our  data.  In 
order  to  eliminate  eveii  these  lower  levels  of  spurious  pickups, 
it  would  have  required  a detailed  analysis  of  the  entire  instru- 
mentation system  and  a coraijlete  redesign  of  the  fiber  optic 
Lr-ansmitter.  Time  did  not  permit  this  form  of  improvement. 
Therefore,  data  which  we  did  obtain  can  only  be  applied  in  a 
general  sense. 

Testing  in  the  forward  bay  on  unshielded  twisted  pairs 
positioned  over  the  bottom  loft  flange  or  2 Inches  above  the 
center  of  the  floor  prodviced  diffusion  flux  pickup  through  the 
loops  formed  between  twisted  linos.  A typical  oscillogram 
is  shown  in  Figure  49A  and  shows  an  expanded  view  of  the  HF/ 
46MHz  component,  'I’he  scale,  5,68V/Div, , takes  into  account  the 
12dlJ  fiber  optic  loss  nt  that  frequency.  The  low  frequency 
waveform,  which  is  not  shown  here,  was  a typical  d^^/dt  loop 

voltage  with  a peak  at  0,15  volts.  However,  the  spurious  loop 
pickup  at  the  twisted  pair  instrumentation  interface  was 
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identical  which  Indicated  little  or  no  l.F  pickup  on  the  line.  The 
HF  noitio  was  similar  to  Figure  A‘)A  but  at  Itali'  the  amplitude.  We 
thus  felt  that  any  HF  voltap.es  were  from  capacitive  eouplinp,. 

FiU'  a sh  ie  I detl/ 1 wis  tod  pair,  we  felt  that  our  most  represen- 
tative data  wa.s  olualned  durinp,  aircraft  sy.stem  testinp,.  OurMup, 
thif!  phase,  act  vial  avionic  equipment  was  installed  and  tiporated 
aboard  the  composit  e fuse  lap, e t o observe  system  reaction  while  the 
generator  curreitt  was  incrementally  increased  to  l^.'ikA,  Included 
in  the  set  tip  was  a multiplex  (MUX)  digital  data  system  with  trans- 
mit ter/tece  Ivor  boxes  placed  in  Iho  forward  bay  and  the  aft  section 
(STA  2'y.\) , Tlu'  itti  erconnoct  Inp,  MUX  bus  line  was  a shielded/ twist  ed 
pair  as  used  on  K-lb  aircraft  which  afforded  us  the  opportunity  to 
observe  i.itiluccd  voltnj’.es  on  a closed  loop  system. 

The  filler  optic,  diapttost  Ics , Kip.urc  15,  was  com  cd  across 
the  twisted  pair  in  the  forward  hay  MUX  box  with  moasuLoments  taken 
on  hotli  si  vies  of  a line  isolation  transformer.  Flpure  A9U  (.at  llOkA) 
in  a photo  of  the  vollap.e  mcasurcil  across  an  equivalent  36H  series 
isolation  ri'.sistance  on  the  primary  side  of  the  transformer.  In 
tliis  .si  I tint  ion,  we  see  ;i  predominant  h Mlio,  comiionent  .arid  d</|'yilt  t yiie 
waveform  willi  .a  r.oro-erossovcr  of  approximately  0 useconds.  It  was 
felt  tliat  this  voll.aj’.e  was  more  a result  of  flux  tHiuplInp  in  the 
MUX  box  tlian  throupji  t lie  MUX  interface  line.  Ihaoli  MllX  receiver/ 
transmitter  w.as  enc.ased  in  a 1 arp.e  root  anp.u  l.ar  box  (metallic)  with 
one  side  lu.'i.np,  (.'iirirely  perforated  with  l/^i  inch  di.amcter  holes 
for  vent  i 1 ,at  i on  . A fair  .amount  of  diffusion  flux  covild  then  couple 
(hroupli  these  liolcs  into  clrculf  component  s/ int  ern.a  1 wlrinp.  We 
feel  that  t tu'  I'l  Mllr,  component  is  a system  reaction  to  this  flux. 
Assumlnp,  that  a voltap.e  similar  to  l’'’lp,ure  A9H  is  coupled  into  the 
MHX  bus,  an  ext  r.apo  l.al  ion  to  a ZOOkA  level  would  mean  that  the 
jie.ak  Vii  1 1 ;ip,o  would  ro.acli  .a  peak  value  of  approximately  2 volts. 

The  important  fact  lu're  is  tliat  il.at  a systems  operate  at  hipher 
levels  (normally  t I volt.s  maximum)  such  that  an  induced  voltap.e 
.at  2 volts  would  not  produce  circuit  damaj’.e . Worst  e.ase  effects 
would  be  t lie  possible  in.ieetioii  of  .an  error  hit',  however,  since 
tile  systems  are  eoni  i tuious  1 y recycllnp,  there  would  be  no  liaxard  to 
aircraft  .sal't'ty.  It  should  be  noted  tliat  an  extern.al  hit  comp.ar.al  or 
w.as  lied  to  t'.acli  MHX  ri'ce  i ver/ 1 r.ansnii  I t er  to  deled  error  bit  in- 
Ji'ct  loll  into  the  MHX  line.  The  conijuarat  or  wa.s  linked  to  t lie  boxes 
t hroupli  fiber  optic  lines.  At  the  ilOkA  level,  only  .'3  intermittent 
errors  were  obsiu'ved  out'  of  dd  shots  to  the  fuselape.  As  the 
current  level  iucreasi'd,  external  fle.Ul  interaction  witli  the  cinii- 
par.ator  nep.atid  .aecur.ale  error  iimn  i I orinp.  At  this  point,  we  could 
only  slu'w  tliat  current  levels  up  to  li^.IikA  did  not  d.aiii.apo  the  MHX 
system.  This  fact  was  sliewn  by  a pe.st -t  I'st  I'unct  tonal  check. 
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7.3  COCKl’IT  ARl'IA 


Tho  cockpit  area  represented  on  an  opposite  extreme  to 
the  iorward  bay  in  that  approximately  one- third  of  its 
surface  area  is  an  open  aperture  formed  by  the  canopy  inter- 
face. The  impact  of  the  opening  is  that  the  entire  cockpit 
fuselage  section  in  the  electrical  sense,  is  topologically 
external  as  compared  to  the  forward  bay  which  is  a closed  area. 
Metallic  structures  of  iinportance  in  the  cockpit  were  the 
canopy  interface,  a ring  member  at  station  168,  edge  strakes, 
and  a right-hand  side  console  mock-up.  Test  results  are 
described  first  for  IR  (Jp)  measurements  and  secondly  for 
aperture  and  diffusion  flux  results  on  loops, 

7.3,1  IR  Voltage  Test  Results 


Voltage  measurements  were  taken  between  various  points 
along  the  cockpit  left  wall  as  illustrated  in  Figure  50.  This 
askew  view  was  drawn  to  show  all  tie-down  references  in  one 
picture  and  facilitate  visualization  of  overall  potential  drops 
as  listed  In  Table  6.  A typical  oscillogram  is  shown  In  Figure 
51  from  test  4, 


Voltage  Drop  With  Wire  Routing 
l-l'-3’ 

Vortical:  50V/Div. 

Horizontal;  2us/d1v. 


Figure  51;  Voltage  Measurement  in  the  Cockpit  Taken 
During  Teat  4 


Primary  importance  with  respect  to  voltage  levels  centered 
around  wire  routing  from  the  forward  potential  sense  (positive) 
point  to  the  RG-22  instrumentation  cable.  For  example,  the 
voltage  measured  between  points  1 and  3'  with  routing  by  l-l'-3' 
showed  a peak  value  of  160  volts.  This  voltage  can  then  be 
broken  down  Into  its  conponents  as  measured;  points  1-1' 
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Table  6 VOLTAGE  MEASUREMENTS  ON  THE  COCKPIT  LEFT  SIDE 


routing  represents  the  path  Che  positive  wire  lead  was  routed  to  the  RG-22  diagnoscl 
: (e.g.  Test  3 - the  positive  wire  tle-dcuo  point  was  at  point  1 with  the  wire  routed 
lint  3,  Chen  point  3'  and  finally  to  point  1’  where  it  was  connected  to  the  positive 
of  the  KS-Z2.  TIu  negative  lead  (KG-ZZ)  was  tied  to  point  I*). 


y if  Idl'd  K!')  VO  1 i s and  points  l'-3'  yioldocl  3!i  volt:s.  All 
voltaj-i'  tirop  iiu'asiifoiiu'iU  s aro  a function  of  wiro  routing?  with 
cuiTfiit  injocti'd  into  iho  win-  bclni;  a properly  of  Jp 
diffusion  1' 1 UK  coiiplinp,  botwoon  any  twi>  points  alonj;  the* 
wiro.  Tl\is  phoiunnonon  t!\UK  produces  u volta^'e  com|)out’nt  addi- 
tion froiu  dilferont  wire  diroetions.  It  should  be  noted  that 
will'  routiup,  dnriii;’.  those  tests  was  directly  atop  the  cotii{)0- 
s i t e 1 I nor. 


due  last  test  series  was  made  with  a thick  metal  bonding, 
sLra[>  tied  hi'tweeii  points  3 aiul  3’  on  the  longeron.  Results 
ap,ain  showed  a substantial  voltayi*  reduction  between  the  tvo 
tie-down  points  (3  to  3')  but  iu'y,liglbie  effects  on  surrounding 
areas.  Tltis  data  shows  no  new  I'ffects  but  denumstra*  es  the 
uiap.ttilude  of  levels  to  be  ejq><.'cteil  in  the  cockpit. 


7.3, 2 l.oop  Voltiij'i*  Test  Results 


Maj'uetlo  flux  measurements  were  nuitle  with  the  six  loops 
positioned  as  shown  in  I'lp.ure  .')2.  hoop  voltages  taken  from 
loops  I,  2 and  3 ai'e  shown  In  Klguro  33  with  an  exi)ansion  of 
loop  ill  givon  in  I’ii'ure  34  to  liiustrato  initial  rise  and  high 


Initial  Rise 
Vertical:  1 
Horizontal: 


From  Loop  ill, 
Volt/l)iv. 

200  nsoc/l)iv. 


Figure  34  l.oop  III  Voltage  Measured  in  The  Cockpit 


frequency  comiioneut s . Table  7 lists  equivalent  magnetic  flux 
density  peaks  from  all  loops  with  those  values  obtained  by 
conqnitiT  time  integration  plots,  soe  Figure  55. 
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A.  Loop  VI.  voUago. 

VerLical:  1 Voll/Div. 

MorizoiUal:  2 usoc/l)lv. 


IL  Loop  ill  volt  ago. 

Vortical;  1 Volt/lMv, 
HorizonLal;  2 uaoc/l).iv. 


(L  Loop  //3  VO  It  ago. 

Vortical;  1 Volt/lUv. 
Horizontal;  2 usoc/Hiv. 


ii'Airi'  'Li  l.oop  (•■■I,  ''2,  V'y)  Voltago  MoasuroiHontH  In 
Mio  t'.iH'kpii 


Table  7:  Loop  Measurements  in  the  Coclq>it 


LDDP 


DP  VDLTHSE  PLOT  JNTE:ERHTIDN  PLDT 
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Results  of  this  test  show  the  vector  combination  (equivalent 
subtraction)  of  external  flux  and  diffusion  flux  and  their  re- 
spective intensity  variation  for  different  loop  positions.  The 
Loops  closest  to  the  cockpit  sidewall  and  floor  (#1  and  #4)  had 
the  large*st  diffusion  flux  components  and  thus  a greater  sub- 
traction from  external  flux  as  shown  by  first  peak  flux/ time 
relative  to  the  second  peak.  As  the  loop  moved  out  to  position 
#3  and  //6,  the  diffusion  flux  decreased  in  magnitude  such  that 
we  approached  a predominant  external  flux  component  which  can 
be  seen  by  the  approach  toward  a 3.2  usecond  peak  time  (corre- 
sponding to  a zero  cross  in  the  differentiation  process) . 

Loop  #6  did  not  obtain  as  great  a change  as  loop  #3  and  it  was 
« deduced  that  this  was  a result  of  the  metal  console  being  in 
close  proxiraitiy  and  adding  an  extra  component. 


7.4  AFT  SECTION 

’I'he  aft  section  represents  a combinatioxi  of  the  forward 
bay  and  cockpit  geometric  aiid  material  conditions.  The  aft 
Section  is  composed  of  composite  panels /bulklieads,  metallic 
riba /bulkheads , and  some  small  arbitrarily  located  apertures. 

Our  major  test  area  was  located  in  the  upper  bay  between 
stations  226  and  253  (ammo  handling  bay).  It  should  be  noted 
that  the  composite  access  panels  in  this  bay  are  interfaced 
with  the  fuselage  with  metallic  members  on  all  sides.  Addi- 
tionally, some  tests  were  performed  in  the  right  hand  strake 
area  which  has  metal  substructure  around  the  panel  periphery. 

The  panels  in  the  riglit  hand  strake  area  also  have  metal  inserts 
in  the  counter  sunk  fastener  holes  while  otlier  composite  panels 
in  otlu'r  areas  did  not. 

The  organization  of  the  data  Is  by  IR  and  loop  measure- 
ments as  in  prior  suctions.  The  data  illustrates  the  effect 
of  Joints  and  metal  substructure  on  induced  voltages  and  these 
effects  have b oen  treated  in  both  Section  6 and  in  the  theory 
of  Appendix  I, 

7,4.1  IR  Voltage  Test  Results 


Voltage  measurements  along  the  length  of  the  aft  section 
(stations  226  to  253)  are  illustrated  in  the  test  setup  of 
Figure  56,  In  each  case,  the  forward  tie-down  point  is  the 
positive  reference  point,  with  tlie  reference  wire  routed  aft 
to  tlie  RG-22  diagnostic  cable,  A typical  oscillogram  taken 
during  this  test  is  shown  in  Figure  57  and  has  the  external 
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Figure  56  Voltage  Drop  Reference  Points  in 


lightning  current  vaveform  (outer  waveform  on  photo  with  arrow) 
superimposed  on  it  for  comparison  of  waveshapes.  This  photo 
illustrates  the  proportionality  of  the  voltages  which  appear 
along  the  fuselage  interior  shell  to  the  external  current. 


Current  Pulse  (arrow) 
Vertical:  4 kAmp/Div. 
Horizontal:  Susec/Div. 


Voltage  Drop  (inner  photo) 
Vertical:  20  Volts /Div. 
Horizontal:  4u8ec/Div. 


Figure  57  Typical  Voltage  Waveform  From  the  Aft  Section 
With  a Superin^josed  Current  Waveform 


Peak  voltages  measured  during  all  tests  are  summarized 
in  Table  8.  At  the  bottom  of  Table  8,  a description  of  three 
test  modes  is  also  listed.  Basically,  the  tests  were  divided 
into  three  categories.  Test  1 was  with  the  reference  points 
connected  to  composite  only  in  the  upper  bay  and  with  every 
other  fastener  in  place  along  the  joint  which  is  perpendicular 
to  direction  of  current  flow.  Test  2 was  with  reference  still 
connected  to  the  composite  panel  but  with  every  screw  in  place, 
and  Test  3 was  with  the  reference  connected  to  the  metal 
substructure  at  the  fore  and  aft  ends  of  the  panel  and  every 
screw  in  place.  As  can  be  seen  from  Table  8,  Test  3 voltages 
are  higher  than  Test  1 and  2 voltages.  The  increased  voltage 
measured  is  due.  to  the  added  joint  resistance  with  the  current 
distribution  staying  about  the  same  in  t.-^i  respective  areas. 

In  comparing  test  results  from  Test  1 and  2 for  wire  positions 
1 through  3,  we  see  that  a slightly  higher  voltage  is  measured 
in  the  Test  2 condition.  This  might  seem  counter  to  expected 
results  because  in  Test  2,  there  were  more  fasteners  installed 
and,  therefore,  lower  resistance  at  the  joint.  However,  the 
lower  joint  resistance  also  attracts  slightly  more  current  into 
the  panel,  and  the  predominant  resistance  is  still  the  panel 
resistance.  Therefore,  a slightly  higher  voltage  reading  in 
Test  2 would  be  a normal  result. 


Ill 


Table  8:  Voltage  (IR)  Measurements  in  the  Aft  Section 


The  data  shewn  is  generally  what  was  to  be  expected  as 
discussed  in  the  prediction  section  (Section  6),  As  a gross 
check  on  the  effects  of  the  metal  in  the  area,  (test  wire  #6) 
the  voltage  has  a marked  reduction  near  the  metal  strake  on 
the  right  hand  side  where  flux  (and  current)  densities  are  the 
highest  in  the  region. 

7.4.2  Loop  Voltage  Test  Results 

Single  wire  loops  were  next  installed  in  various  area 
of  the  aft  section  in  order  to  measure  average  flux  density 
(see  Figure  58),  Table  9 is  a list  of  data  taken  with  these 
loops  and  indexes  peak  loop  voltages  and  magnetic  flux  densi- 
ties. Flux  was  calculated  from  time  integrations  of  the  pro- 
portioned d^D  waveforms  (see  Figure  59).  Loops  1 and  2 (7.5 

inch  vertical  separation)  have  large  areas  and  the  induced 
voltages  in  these  loops  measure  a combination  of  flux  vectors 
as  distributed  throughout  that  area  in  a vertical  plane. 

The  smaller  loops  (3,  4,  and  5)  in  the  top  of  the  bay 
demonstrate  flux  coupling  in  the  same  locale  and  in  a hori- 
zontal plane  but  were  constructed  to  demonstrate  diffusion  flux 
distribution  in  the  aft  bay.  Loops  3 and  4 are  identical  in 
size  and  are  located  in  the  some  vertical  plane.  Loop  5 is 
twice  the  area  of  loop  3 and  is  located  in  the  same  vertical 
plane.  As  can  be  seen  from  Table  9,  the  peak  flux  density  re- 
mains the  same  since  the  (i.o,,  loops  3,  4 compared  to  loop  5) 

2 times  loop  area  to  the  2 times  integration  ratio  divides  out 
to  yield  identical  average  flux  densities.  The  2 times  loop 
area  factor  was  directly  observed  because  the  peak  voltage 
readings  in  loop  5,  Figure  59,  were  twice  the  amplitude  of 
loop  3 and  4,  but  the  general  waveshape  of  all  loops  was 
identical. 

Loops  on  the  left  side  were  used  to  show  the  effects  of 
different  structural  members  on  diffusion  flux.  Loop  #8  was 
placed  under  a small  composite  access  door  (composite  to  com- 
posite interface)  and  compared  to  loop  #6  which  is  under  a 
solid  composite  panel.  The  general  waveshapes  of  both  voltages 
were  the  same  except  for  a slightly  longer  zero-crossover  time 
from  loop  #8.  The  flux  densities  have  a 1,8:1  ratio  but  this  is 
due  to  different  diffusion  flux  densities  at  the  respective 
positions.  The  important  fact  here  is  that  the  waveshapes  were 
identical  which  shows  that  the  access  door  interface  did  not 
introduce  external  fields  into  the  bay.  Loop  #6  can  also  be 


Table  9:  Loop  Measiirements  in  the  Aft  Section  and  Equivalent 

Magnetic  Flux  Density 


NOTE;  Loop  voltage  zero- crossover  is  flux  density  peak  time. 
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Integration  of  Loop  #5  V^oltage  Measured  in  the  Aft 


compared  to  loop  #9  vhlch  is  situated  next  to  the  aft  metal 
bulkhead,  station  253.  Here  again,  the  waveshapes  were 
similar  with  peak  amplitude  practically  Identical.  Even 
though  loop  ^ Is  by  a metal  ring  member,  It  would  be  parallel 
to  extra  flux  vectors  Introduced  by  current  flow  along  the 
member  which  would  not  be  detectable. 

The  final  test  was  set  up  with  loop  #7  placed  external 
to  the  fuselage  and  In-line  with  loop  //6.  A comparison  of 
the  measured  voltages  are  given  in  Figures  60  and  61  which 
shows  waveshapes  of  diffusion  flux.  Loop  y/6,  and  a dl/dt 
external  flux.  Loop  Peak  values  should  not  be  miscon- 

strued as  a measure  of  transfer  loss  from  the  outside  to  In- 
side for  a composite  panel  but  are  an  Illustration  of 
diffusion  and  dl/dt  flux  patterns  at  those  two  points.  The 
transfer  loss  In  a configuration  such  as  this  also  Is  tied  to 
the  sectional  geometry  as  well  as  material  properties  such  as 
resistivity  and  thickness. 

One  of  the  more  Important  aspects  which  can  be  obtained 
from  the  loop  data  Is  that  Internal  voltages  will  be  a sub-set 
In  amplitude  and  frequency  content  to  the  voltages  which  exist 
along  the  surface  (T.R  or  Jp) . This  Is  discussed  In  more  detail 
in  the  theory  section  of  Appendix  I. 
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SECTION  VIII 


CONCLUS  IONS 


For  tho  graphite- epoxy  fuselage,  there  are  a number  of  con 
elusions  or  guneralizatioiis  vhlch  may  be  drawn  from  the  tests 
reported  herein.  Some  of  these  conclusions  also  have  ramifica- 
tions regarding  lightning  effects  on  metal  airframes. 

o There  are  throe  primary  mechanisms  of  energy  transfer 
from  a lightning  strike  to  olectrical/electronic 
equipment.  These  primary  transfer  mechanisms  assume 
that  design  precautions  are  taken  to  prevent  direct 
transfer  of  energy  to  tho  interior  of  a fuselage  shell 
such  as  conduction  of  a lightning  stroke  down  a pitot 
line  or  pitot  heater  wiring.  The  three  are: 

a.  IR  (Jp  voltage  per  unit  length) 

b.  Diffusion  Flux 

c.  Aperture  Flux 

o The  IR  and  diffusion  flux  voltages  are  low  frequency 
signals  (below  50kHz)  and  will  impact  only  those 
circuits  which  form  significant  loop  areas  and/or 
have  multiple  airframe  reference  points, 

o The  aperture  flux  is  a function  of  geometry  and  con- 
struction techniques  and  is  approximately  tho  same 
whether  the  fuselage  is  graphite  or  aluminum. 

o High  frequency  effects  are  primarily  aperture  domina- 
ted, However,  due  to  the  short  diffusion  time  through 
graphite,  HF  effects  can  appear  inside  a fuselage  and 
be  distributed  by  the  E field  developed  along  graphite 
shell  surfaces.  These  distributed  HF  effects  are 
basically  displacement  currents  and  are  proportional 
to  the  rate- of -change  of  the  Jp  voltage  along  the 
Interior  of  the  fuselage. 

o The  IR  voltages  appearing  inside  the  fuselage  will  be 
approximately  3 X 10  ’ higher  than  they  would  be  in  an 
aluminum  fuselage. 
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Induced  effects  due  to  diffusion  flux  can  never  be 
higher  than  the  highest  Jp  voltage  which  exists 
along  the  surface  of  the  fuselage. 

The  fuselage  response  behaves  in  a manner  predictable 
from  transmission  line  theory  and  is  independent  of 
fuselage  material. 

Linear  scaling  of  induced  effects  in  a graphite  fuselage 
is  not  always  permissible.  If  system  response  is 
desired  at  high  levels  of  I and  di/dt,  testing  must 
be  done  at  high  levels  to  determine  if  non-linear 
conditions  exist.  Once  appropriate  scaling  factors 
are  determined,  IR  voltages  scale  by  I and  loop 
voltages  scale  by  di/dt. 


A P P E N 
THEORY  OF 
M E C H A 


D I X 

INDUCED 
N I S M S 


1.  Aperture  Coupled  Voltages 

With  an  aperture  created  by  an  electrically  transparent  open- 
ing e.g.,  within  the  cockpit,  or  within  bays  having  glass  fiber, 
Kevlar  or  other  Insulating  covers,  direct  coupling  of  magnetic 
flux  occurs  to  wiring  and  circuits.  This  flux  changes  as  fast  as 
the  external  flux,  hence  the  Induced  voltage  per  meter  In  a 
wire  to  airframe  configuration  Is  given  by 

Vm  =:  « c ^ V/m  (Al) 

dt  dt 


^ ■■  Instantaneous  flux  which  links 
circuits  via  aperture/meter 

1 " total  instantaneous  lightning 
current 


The  constant  of  proportionality  c for  any  particular  circuit 
using  an  airframe  return  is  the  fast  flux  transfer  inductance, 
given  by 

Mpp  - L - M H/m  (A2) 

l'  " fuselage  inductance  at  aperture 
region  In  H/m 

M " mutual  Inductance,  fuselage  to 
circuit  In  question 


Hence 


Vm  - 


v/m 


(A3) 


MTF  can  be  calculated  by  a variety  of  techniques  including 
field  plotting,  (Reference  6 ) filamentary  techniques  and  others. 

Thus,  voltages  arn  proportional  to  the  Instantaneous  rate  of 
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change  of  the  externally  applied  current.  The  current  waveform 
and  the  corresponding  di/dt  aperture  coupled  voltage  are  illus- 
trated in  Figures  Al(a)  and  Al(b).  Often  HF  resonances  produce 
significant  amplitudes  of  hash  as  in  Figure  Al(b)  which  adds  to 
the  basic  di/dt  waveform. 

Electric  field  coupling  (ocdE/dt)  may  also  occur  in  some  cir- 
cuits within  apertures  and  will  also  be  more  apparent  at  higher 
frequencies.  Quantitative  statistics  are  not  available  for  dE/dt 
of  natural  lightning  and  no  attempt  was  made  to  simulate  it  in 
the  test.  Nevertheless,  electric  fields  would  have  been  produced 
in  the  testing  by  both  the  inductive  effect  of  the  load  assembly 
at  L.F.  and  through  the  standing  wave  electric  field  patterns  at 
H.F..  Thus,  these  electric  fields  could  have  contributed  to  the 
measured  results.  When  a better  understanding  is  available  of  the 
magnitude  of  E-flelds  in  a natural  lightning  strike,  the  accuracy 
of  the  simulation  in  this  test  can  be  assessed. 


2.  Resistive/Diffusion  Voltages  in 
Homogeneous  Tubes 

If  we  consider  a long  circular  tube,  diameter  D,  of  homogeneous 
resistive  material,  resistivity  P , of  wall  thickness  h «<D), 
the  resistance  per  meter  length  is  given  by  equation  (A4)  and  the 
voltage  Vr  for  a d.c.  current  I is  given  by  equation  (A5). 


= p 

TTDh 

Q/m 

(A4) 

«n  Ip 

V/m 

(A5) 

3TDh 

If  a step  function  pulse  I,  is  applied  to  this  tube  at  t « 0 
which  has  an  external  and  remote  current  return,  and  Vp^  is  sensed 
internally  as  in  Figure  A3,  the  voltage  Vp  as  a function  of  time 
will  be  given  by  equation  (a6)  (Reference  8). 


VR(t:) 

“ 1 P ^ 1 4-  2 

CO 

(-l)'^^exp  / -n^tl  1,  V/m 
n“l  1 Tj^  / j 

(A6) 

Tm 

2 

= Po  h s ec 

(A7) 

m2p 

“ 0.127h^  usee 

(for  Pj.  “ 1) 

(A8) 

P 

where  is  the  characteristic  diffusion  time. 
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Figure  A1  Current  False  and  Aperture  Coupled  Induced  Voltages 


The  bracketed  term  in  equation  (A6)  is  a lacunary  function 
and  cannot  be  summed  analytically.  It  can,  however,  be  summed 
numerically  very  easily.  It  is  a universal  function  and  it.s 
shape  is  shown  in  Figure  AA  as  a function  of  t/TM.  Its  value 
always  lies  in  the  range  0 to  1.  This  function  is  somewhat  simi- 
lar to  the  complementary  error  function  and  both  have  a slope  of 
0 at  t •=  0.  Figure  AA  exhibits  a dead  time  (i.e.,  function  ■■  0) 
until  t • ^T(*i.  Values  of  Tj.  for  2mm  aluminiim  alloy  ( p = 4 x 10"®  Q-m) 
and  graphite  ( P ■ 4000  x 10"®  12 -m)  are  as  follows: 

(Al)  ■ 12.7  microsecs  j Tj.^(S*^)  “ 12.7  nanosecs 

Tm  (Al)  is  comparatively  long  compared  to  times  of  interest  in 
lightning  pulses  (e.g.,  the  current  pulse  of  Figure  Al(a))  but  Tjij 
(gr)  is  very  short  indeed.  The  waveforms  of  voltages  which  would 
be  measured  in  the  tube  of  Figure  A3  for  the  current  pulse  of 
Figure  Al(a)  would  be  as  in  Figure  A2(q)  and  (b)  for  aluminum 
and  graphite.  A large  Tjv^  appreciably  changes  the  pulse 
shape,  especially  near  t - 0+.  The  maximum  rate  of  change  of 
Figure  A4  occurs  at  t - 0.9Tm. 

Alternatively,  in  the  frequency  domain,  the  bandwidth  to  the 
-3dB  point,  f^,  is  given  by 

“ 0. 35  “ 0.35 

tr  2.35Tm 

“ !•  17p 

Equation  (AlO)  gives  12  MHz  for  graphite  and  12  kllz  for  aluminum 
alloy  with  p and  h as  above.  Thus,  the  aluminum  tube  severely 
attenuates  all  components  of  the  lightning  pulse  above  12  kHz 
whereas  the  graphite  panel  attenuates  only  those  frequencies  above 
12  MHz  and  so  gives  a very  accurate  voltage  proportional  to  the 
current  pulse  waveform.  (cf  Figure  5,  I spectrum) 

Although  a graphite  fiber  panel  is  not  electrically  homoge- 
neous, the  results  of  Reference  7 (P48®  82}  have  shpwu  that  skin 
effect  does  exist  in  a predictable  manner  (although  better  agree- 
ment is  achieved  In  the  example  quoted  in  Reference  7 if  a lower 
value  of  resistivity  is  used  for  the  graphite;  3750  x 10”8  12 -m 
instead  of  10,000  x 10"®  i2-ni  as  suggested  in  this  report.). 


Hz  (A9) 

MHz  (for  jUj.  “ 1)  (AlO) 
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3.  ResiKtive/Diffusion  Voltugc's  in 
Complex  Electrical  Geometry 


The  genera'  case  ol  a two  material  Hysteni  is  shown  in  Figure 
A5(a) , in  a circular  tube  made  of  dissimilar  resistivity  materials 
Pi  and  p . hooking  at  the  inside  surface  of  the  tube  wall,  as 
in  Figure^ A5(b) , this  analysis  examines  the  total  potential 
drops  around  a surface  path  ABCD  and  ABC'D'.  If  the  narrow  center 
strip  is  grajihite  and  the  remainder  aluminum  (i.e.,  1000  x p. 


then  T 


Ml 


1000 


X i’j^2  • There  are  three  important  regimes  to  note 


1)  in  very  short  times,  t<%T(kj2  (i.c.,  within  the  doadtlme 
for  the  graphite)  \;^jj  0;  V ix;  0;  therefore,  potential 
drops  around  the  path  “ 0. 


) 


2)  DC  case,  t*ooand  current  sharing  between  the  materials  is 

reslstively  controlled,  therefore  Va^  = and 

Vau  - Therefore,  potential  drops  * 0. 

3)  Int''rmediate*  case  t • ^ Tj^j2;  Vau^V^c,  (and  Vau  Vp' 


In  the  intermediate  case,  which  commences  in  nanoscc  times 
for  graphite  and  extends  for  tens  of  microseconds  typically,  cur- 
rent redistribution  occurs  from  the  inductive  sharing  case  1»  to 
the  DC  case  2,  and  potential  drop  balance  around  the  close  paths 
ABCD  and  ABC’D’  must  be  maintained  by  a diffusion  flux  which  links 
the  paths  and  hence: 


V 


AB 


- V 


IXl 


d0o 

dt 


where 

enters 


is  the  rate  of 
and  leaves  the 
both  paths  equally  as  in 
appears  as  soon  as  there 
not  balanced  by  an  equal 
case  of  the  homogeneous 
where  within  the  tube; 


change  of  diffusion  flux, 
interior  via  the  graphite 


(All) 

Thl s f lux 
linking 


so 


Figure  A5  (b ) . 
is  a potential 
potential  drop 
tube  considered 


Thus  the  diffusion  flux 
drop  along  All  which  is 
along  DC  (clearly  in  the 
in  para.  2 above,  every- 


‘'AB 


'DC 


and 


TTl 


0.) 


’"fThere  is  a long  period  intermediate  case  involving  current  dif- 
fusion into  the  metal  which  is  not  important  in  this  description. 
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METAL 


CURRENT 


CURRENT 


^ V0FROMf%Tm2TOt>1OO0T„2 

dt 


exterior 

SURFACE 


CURRENT 


P\  3l  CURRENT 


(«) 


CURRENT 


. , ^ rior  Flux  DlBcributlons  fox Tcyllndrtcal  Model 

Figure  A5  (b)  Pi  < P2  <“)  H > '’2 
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1 


Thus,  in  cross  section,  the  field  shown  in  Figure  A5(b) , 
will  be  as  in  Figure  A6(a).  The  pattern  of  flux  within  the  tube 
is  very  similar  to  the  aperture  flux  field  which  would  occur  in 
the  tube  if  the  graphite  strip  were  removed.  However,  the  diffu- 
sion flux  iu  Figure  A6(a)  is  not  related  in  time  to  the  external 
flux.  However,  use  can  bo  made  for  the  prediction  of  diffusion 
voltages  of  the  similar  geometric  pattern  within.  Prediction  of 
diffusion  flux  voltages  is  given  below. 

If  we  reverse  the  resistivities  in  Figure  A5(b) , let 
Pi  “ 1000 /Oj  (i.e.,  graphite  tube  and  narrow  metal  strip)  the 
situation  is  reversed,  hence  links  the  paths 

as  shown  in  Figure  A5(c)  and  A6(b),  ^ 

Induced  Voltai’o  Corollaries 

From  equation  (All)  and  the  configuration  of  Figure  A5(b) 
if  /),  is  very  small  such  that 

- V (t)  (A12) 

dt 

ilorollary  \ 

Diffusion  flux  induced  voltages  have  the  same  form  and 
spectrum  us  the  dominant  resistive  voltage  within  an 
enclosure. 

Starting  at  points  D and  C,  VDc(via  the  direct  route) - 
0,  but  Vdc  (via  A and  B)“  V/^b  hence; 

Corel  hn-y  2 

It  is  the  circuit  route  which  determines  the  induced 
voltage,  not  the  reference  points  at  each  end. 

Referring  to  Figure  A6(a),  diffusion  flux  within  the 
tube  is  clearly  weaker  toward  the  bottom  than  near 
the  top,  (where  d«A[i  ■ V.«  ) hence; 
dt 

Corollary  3 

Diffusion  flux  induced  voltages  within  an  enclosure, 
induced  in  single  loops,  are  always  less  than  - or  in 
the  limit,  equal  to  the  largest  resistive  potential 
drop  which  occurs  on  the  surface  of  the  enclosure,  and 
will  be  smaller  with  increasing  distance  from  that 
surface. 
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An  approximate  technique  of  estimating  the  voltage  on  a loop 
within  an  enciosure  is  to  use  the  i'leld  mapping  technique  for  an 
aperture  in  the  place,  of  the  graphite  and  then  to  scale  the  volt- 
age as  follows: 


and  (/ij  are  obtained  from  a POTKNT  aperture  plot  to  give  the 
0i /0.-,  for  a wire  within  the  bay  with  a graphite  cover  panel. 

In  all  casus,  the  voltages  here  are  loop  voltages  comprising  a 
wire  in  the  position  shown  connected  back  to  the  inside  metal  sur- 
face, where  "Vqq  " “ 0, 

The  worst  case  value  for  Vj^  on  any  graphite  panel  can  be  cal- 
culated by  assuming  that  the  current  is  inductively  shared  around 
the  whole  conductor  periphery  and  is  then  calculated  from  J and 
P . In  practice,  owing  to  current  redistribution  V will  general- 
ly be  somewhat  less,,  since  current  redistribution  may  take  place 
before  peak  current  is  reached. 
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DEMONSTRATIONS  OF  'COROLLARIES' 


All  the  me asu rumen tH  on  diffusion  flux  f’.cneruted  voltai^’C’H 
within  ^^raphito  skin  bays  have  shown  the  close  reiutionship  to 
IR  voltap.ea  and  therefore  to  the  current  waveform.  Scaling  of 
diffusion  flux  voltages,  for  fixed  di/dt  has  been  .shown  to  be 
only  amplitude  dependent, 


Corollary  2 

1 

Note  that  it  is  the  wire  route  rather  than  the  end  connections 
which  determine  the  type  and  amplitude  of  induced  voltage.s.  A 
specific  test  was  run  to  demonstrate  this  in  the  cockpit  floor  il- 
lustrated in  Figure  A7.  The  three  measurements  and  the  reference 
points  are  shown  in  the  figure,  and  all  wires  were  run  close  to 
the  graphite  skin,  but  circuit  B was  routed  from  2 acro.ss  to  near 
1 and  along.slde  wire  C to  4 and  acro.ss  to  3.  No  contact  was  made 
between  wire  B and  points  1 and  4.  The  measurements  clearly  .show 
the  equivalence  of  B and  C thus  illustrating  the  importance  of 
the  wire  iouLC.  This  corollary  is  of  great  practical  significance 
in  routing  wires  in  a graphite  fuselage. 


Corollary  3 

Demonstrated  by  many  tests  - for  example  the  aft  bay  te.st  with 
IR  wire  #1  (Figure  56)  and  loop  /H  in  Figure  58.  The  IR  wire  gave 
120  volts  when  measured  metal-to-metal  across  the  graphite  panel 
compared  with  85  volts  on  the  loop  below.  The  coroll.ary  wa.s  used  in 
thi.s  case  to  help  measurements  since  the  first  measurement  on  the 
panel  did  not  include  the  joint  resistances  and  gave  only  74V 
which  is  Ics.s  than  the  loop  voltage  within.  Hence,  in  calculating 
diffusion  flux  loop  voltages  within  structures  the  total  of  panel 
IR  and  joint  voltages  should  be  used  to  calculate  the  loop  voltage. 
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